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HIGHLIGHTS 


• Several biocontrol-fungi (BCF) are 
under investigation for tomato 
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. These include AMF, Piriformospora 
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oxysporum and Pythium oligandrum. 

• Tomato pathogens can be directly 
antagonized mainly by Trichoderma 
spp. and P. oligandrum. 

• Induced systemic resistance (ISR) has 
been reported for all BCFs. 

• Next-generation sequencing will 
improve our understanding of 
tripartite interactions. 
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The worldwide important crop tomato is attacked by various pathogens, for which management is still 
primarily reliant on fungicides despite increasing concerns and constraints on their use. Other 
approaches are investigated, including the use of biocontrol organisms to manage tomato diseases. In this 
review we discuss and compare the interaction of major biocontrol fungi (BCF) with tomato, including 
the endophytic arbuscular mycorrhizal fungi and Piriformospora indica, the free-living opportunistic sym¬ 
bionts Trichoderma spp. and non-pathogenic Fusarium oxysporum, as well as the oomycete Pythium oligan¬ 
drum. We cover recent advances that have been made in unraveling biocontrol modes of action against 
the most important tomato pathogens, encompassing direct effects of the BCF on pathogens and their 
indirect effects through the plant, with a main focus on induced systemic resistance. It is an exciting 
era for the study of biocontrol tripartite interactions, with the emergence of next-generation sequencing 
tools and the higher pace at which new genomes are being sequenced nowadays, as was recently also 
achieved for tomato. In addition, plant pathology and biocontrol research domains are increasingly reach¬ 
ing out to each other, because of the parallels that we are only beginning to discover between the inter¬ 
actions of beneficial and detrimental micro-organisms with a plant. Considering the enormous 
technological possibilities at hand today, this seems a timely opportunity to review the most recent 
advances in this field and to anticipate to what is ahead of us, discussing breakthroughs expected in 
our understanding of biocontrol interactions and remaining hurdles on the way to reach them. 
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1. Introduction 

Tomato (Solarium lycopersicum ) is one of the most important 
vegetables in the world, with global production in 2011 reaching 
almost 160 million tons (FAOSTAT 2013). Together with its global 
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distribution and consumption it is therefore considered one of the 
most important horticultural crops worldwide. However, tomato 
production is hampered by various plant pathogens and pests, with 
fungal and oomycete pathogens in particular posing serious yield 
restraints (Foolad et al., 2008). Notorious tomato pathogens 
include the necrotrophic fungi Botrytis cinerea and Alternaria solani, 
the oomycete Phytophthora infestans and the vascular wilt fungus 
Fusarium oxysporum f. sp. lycopersici. B. cinerea, also known as grey 
mould, ranks second in the fungal plant pathogens top ten due to 
its broad host range and severe damage potential both pre- and 
post-harvest (Dean et al., 2012). The pathogen kills plant cells by 
producing phytotoxic compounds and cell wall degrading 
enzymes, after which the nutrients are extracted, typically causing 
soft rots followed by the appearance of grey conidia masses on aer¬ 
ial plant parts (Williamson et al., 2007). Like B. cinerea, the necro- 
troph A. solani which is the causal agent of tomato early blight can 
affect all above-ground plant parts. This pathogen causes one of the 
most common and destructive tomato diseases in areas with fre¬ 
quent rainfall or high humidity conditions, with symptoms includ¬ 
ing seedling damping off, stem and fruit rot and serious leaf blight 
up to complete defoliation of the plant (De La Noval et al., 2007). 
Another highly destructive foliar disease of tomato is caused by 
P. infestans. The disease, referred to as late blight, is characterized 
by leaf and stem necrosis, fruit rot and ultimately plant death. 
The pathogen has the potential to destroy tomato and potato crops 
within a matter of days after occurrence in the field, at any plant 
developmental stage (Foolad et al., 2008). The soil-borne F. oxyspo¬ 
rum, ranking fifth in the fungal plant pathogens top ten, represents 
another threat to tomato production (Dean et al. 2012). Different 
formae speciales (f. sp.) exist for F. oxysporum, with f. sp. lycoper¬ 
sici infecting mainly tomato. The pathogenic strains penetrate 
plant roots and invade the vascular system, which typically leads 
to wilting of the aboveground parts and eventually plant death 
(Fravel et al., 2003). 

The majority of the tomato cultivars grown in the field and in 
greenhouses for fresh tomato production cany dominant resis¬ 
tance genes effective against the most common races of F. oxyspo¬ 
rum f. sp. lycopersici, thus providing a valuable addition to the 
management options for vascular wilt in tomato, which otherwise 
largely relies on chemical soil fumigation (Fravel et al., 2003). For 
the other main tomato pathogens discussed above, however, no 
commercial cultivars are available with adequate levels of resis¬ 
tance and management thus relies heavily on chemical control. 
For example, chemical control remains the most common method 
for reducing the devastating potential of B. cinerea to date 
(Blancard, 2012), with fungicides that specifically target this path¬ 
ogen representing up to 10% of the global fungicide market (Dean 
et al., 2012). However, this pathogen is difficult to manage due to 
its various modes of attack and its capacity to bridge extended 
unfavourable periods as sclerotia in crop debris (Williamson 
et al., 2007). In addition, development of resistance to fungicides 
by B. cinerea has been reported multiple times (Leroux, 2007; 
Kretschmer et al., 2009). Benzimidazoles and dicarboximides, for 
example, have now largely been replaced due to widespread resis¬ 
tance, and an increasing number of B. cinerea strains is emerging 
with resistance against unrelated fungicides such as boscalid, fen- 
hexamid, cyprodinil and iprodione (Leroch et al., 2011; Amiri et al., 
2013). Fungicide resistance is also a problem in chemical control of 
late blight, with the regular appearance of highly aggressive strains 
that are resistant to the most commonly employed systemic fungi¬ 
cides such as the phenylamide metalaxyl (De La Noval et al., 2007). 
Apart from the high cost and risk of resistance development asso¬ 
ciated with fungicides, their use is also increasingly restricted due 
to their perceived harmful effects on both human health and envi¬ 
ronment. Combined with the fact that the cost of developing new 
chemical pesticides keeps on rising, the development of alternative 


management options is an urgent matter (Glare et al., 2012). In this 
context it is not surprising that beneficial micro-organisms receive 
great attention as a complementary approach in integrated disease 
management, with research focusing on the identification of new 
potential biocontrol organisms and their modes of action. This 
has already led to the exploitation of some biocontrol organisms 
(BCOs) in a commercial context, and the so-called biopesticide 
market is expected to grow in the years ahead (Glare et al., 2012). 

In this review we will focus on fungi as BCOs, further termed 
biocontrol fungi (BCFs), and on their disease suppression potential 
in tomato, a crop that apart from its economic importance is also 
considered a model dicot for basic and applied research purposes. 
The recently sequenced genome (The Tomato Genome Consortium, 
2012), will facilitate genome-wide molecular investigations of the 
interaction of the host plant with beneficial and detrimental 
micro-organisms. The most specialized BCFs are the well-studied 
arbuscular mycorrhizal fungi (AMF). Research on these obligate 
symbionts of the majority of all vascular plants has historically 
focused on their beneficial effects on plant growth and nutrition, 
while more recent research has investigated their bioprotective 
potential, mainly focusing on soil-borne pathogens (reviewed for 
example by Whipps, 2004, Trillas and Segarra, 2009). The other 
beneficial fungi that we will discuss also form endophytic associa¬ 
tions with their host, but without a specialized interface for nutri¬ 
ent exchange as observed for AMF. In turn, these fungi can also 
exploit their saprophytic capabilities in order to survive in the soil. 
Piriformospora indica was isolated more recently from a spore of an 
arbuscular mycorrhizal fungus (Verma et al., 1998). In contrast to 
AMF, this mutualistic basidiomycete can be cultured axenically 
and has an exceptionally large plant host range encompassing both 
vascular plants (including the model plant Arabidopsis thaliana ) 
and even mosses, thereby inducing protection against a variety of 
leaf and root pathogens (Qiang et al., 2012). The P. indica genome 
has recently been sequenced and annotated (Zuccaro et al., 

2011) , and will thus undoubtedly serve as a highly relevant model 
to study the molecular basis of the interaction between plants and 
beneficial fungal endophytes in the coming years. 

In contrast to AMF and P. indica that are exclusively or predom¬ 
inantly found inside plant roots, other beneficial fungi are mainly 
found as free-living organisms in the soil. Hence their biocontrol 
effect was initially attributed solely to a direct interaction with 
plant pathogens, but more recently it was discovered that they 
are also opportunistic plant colonizers that can protect plants from 
pathogens through indirect mechanisms (Trillas and Segarra, 
2009). Trichoderma spp. are undoubtedly the most investigated 
members of this category. Fungal strains belonging to this genus 
can be found in soils around the world and display a remarkable 
lifestyle range (Druzhinina et al., 2011). Apart from the relevance 
of certain strains for industrial applications, they also show great 
potential as BCFs conferring plant protection through various 
mechanisms against both below- and aboveground pathogens. 
Trichoderma spp. are the most successfully marketed BCFs in agri¬ 
culture today, with more than 60% of the registered fungal biopes¬ 
ticides world-wide being based on this species (Mukherjee et al., 

2012 ) . 

Other commonly found rhizosphere inhabitants are the sapro¬ 
phytic F. oxysporum strains. Although some important vascular wilt 
pathogens also belong to this species, other strains penetrate the 
roots without invading the vascular system and have been shown 
to protect plants against infection by their pathogenic counterparts 
(Alabouvette et al., 2009). A similar case is the soil borne, fungi-like 
oomycete Pythium oligandrum. Whereas the majority of the 
Pythium spp. are economically important plant pathogens, it is only 
in the last decade that the biocontrol potential of P. oligandrum has 
come to the attention of the scientific community (Benhamou 
et al., 2012). 
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These BCFs all share the ability to protect tomato plants from 
disease, which can be explained by various mechanisms. Direct 
interactions between BCFs and pathogens have been reported for 
most fungi and even were the focal point for research on opportu¬ 
nistic colonizers for many years. This so-called microbial antago¬ 
nism encompasses parasitism, antibiosis and competition. 
However, since all BCFs are also capable of colonizing plant roots 
either in an obligate or an opportunistic manner, which in some 
cases also results in plant growth promotion, it seems logical that 
this is also linked to their biocontrol capacity. Indeed, an indirect 
biocontrol mechanism through induced systemic resistance (ISR) 
has also been reported or at least suggested for all BCFs involved. 
In the next sections we will systematically discuss the various 
modes of action proposed for these BCFs in the protection of 
tomato. 


2. Microbial antagonism 

2.3. Mycoparasitism 

Since most BCFs are rhizosphere inhabitants, it is to be expected 
that they are well equipped to compete with other micro-organ¬ 
isms residing in the same ecological niche, or even to use them 
as a nutrient source. Mycoparasitism of plant pathogens is an 
important biocontrol trait of many Trichoderma spp. and also of 
P. oligandrum. In the case of Trichoderma spp., this is a multi-step 
process in which physical contact between the two micro¬ 
organisms is preceded by an early recognition stage. The BCF first 
constitutively produces and releases cell wall degrading enzymes 
(CWDEs) at low levels in an attempt to locate its prey. Upon detec¬ 
tion of cell wall fragments from its target, directional growth 
towards the prey is induced together with a higher production of 
CWDEs, mostly chitinases, glucanases and proteases. Trichoderma 
spp. will then attach to their prey, coil around it and form appres- 
soria to penetrate the hyphae, which are subsequently degraded 
through production of hydrolytic enzymes and secondary metabo¬ 
lites (Shoresh et al., 2010). Card et al. (2009) investigated the 
mycoparasitism process of B. cinerea by Trichoderma atroviride 
LU132 and found that hyphae of the pathogen rapidly collapsed 
and died within 4 days after the start of the BCF coiling around 
it. The recently published genome sequences of the highly myco- 
parasitic Trichoderma virens and T. atroviride indeed displayed an 
important enrichment in genes regulating the biosynthesis of anti¬ 
microbial secondary metabolites (see further) compared to that of 
the weakly mycoparasitic Trichoderma reesei (Mukherjee et al., 
2012). Moreover, genes encoding for CWDEs such as fi-l,3-glucan- 
ases appear over-represented in the Trichoderma genomes when 
compared with other related fungi (Kubicek et al., 2011). The 
mycoparasitic potential of Trichoderma spp. has been shown 
against a wide range of plant pathogens and this capacity seems 
to be widespread in the genus. For example, in a recent survey of 
more than 1 100 Trichoderma strains from 75 molecularly defined 
species, all strains were found to mycoparasitize B. cinerea 
(Druzhinina et al., 2011). 

Horner et al. (2012) recently constructed the first P. oligandrum 
EST libraries, providing an initial overview on the biochemical 
cross-talk between this oomycete BCF and its prey. Transcripts 
encoding various CWDEs appeared to be induced in the BCF before 
physical contact with its prey, thus suggesting that the early recog¬ 
nition phase of P. oligandrum mycoparasitism resembles that of 
Trichoderma. The subsequent phases are also very similar, as P. oli¬ 
gandrum rapidly attaches to its prey, coils around it, forms papil- 
lae-like structures and finally penetrates through the production 
of hydrolytic enzymes. Active multiplication then takes place 
inside the hyphae of its prey, and the BCF is released again from 


dead hyphal cells (Benhamou et al., 1999). Like Trichoderma, P. oli¬ 
gandrum can directly attack a variety of fungal pathogens, but an 
interesting question that arises in this case is how the BCF distin¬ 
guishes between self- and non-self cell wall degradation during 
mycoparasitism of closely related oomycete plant pathogens 
(Benhamou et al., 2012). Knowing that cellulose is a major compo¬ 
nent of oomycete cell walls, it has been suggested that the 
P. oligandrum cellulolytic enzymes that were found abundantly in 
the EST libraries, might function both in oomycete attack and in 
reconstruction of its own cell walls (Gruber and Seidl-Seiboth, 
2012; Horner et al., 2012; Larroque et al., 2012). 

2.2. Antibiosis 

While P. oligandrum antagonism is probably mainly based on 
mycoparasitism, the BCF has also been reported to cause pathogen 
decay by the production of antimicrobial compounds without any 
physical contact between the micro-organisms, a process generally 
termed antibiosis. For example, the BCF was shown to kill the 
oomycete Phytophthora megasperma from a distance (Benhamou 
et al., 1999). This inhibitory activity was not accompanied by cell 
wall degradation, which is surprising because other members of 
the same genus were highly affected by the cellulolytic enzyme 
repertoire of P. oligandrum (Picard et al., 2000). The compounds 
responsible for this effect, however, have not been identified. 

By contrast, the antibiosis potential of Trichoderma spp. has 
been better characterized. Trichoderma spp. are known to produce 
a wide array of secondary metabolites with antimicrobial activity 
against a diverse range of micro-organisms. The production of sec¬ 
ondary metabolites is strain-dependent to a certain extent and 
includes both volatile and non-volatile antimicrobial compounds 
belonging to various chemical classes, including low-molecular 
weight non-polar compounds such as pyrones, butenolides, 
anthraquinones, trichothecenes and terpenoids, as well as non- 
ribosomal peptides such as peptaibols (Reino et al., 2008). Some 
compounds have been demonstrated to act synergistically in 
antagonism together with the CWDEs arsenal of the BCF. For exam¬ 
ple, Schirmbock et al. (1994) reported a synergistic effect of Trich¬ 
oderma harzianum peptaibols trichorzianine Al and B1 with 
chitinases and p-l,3-glucanases in inhibiting spore germination 
and hyphal elongation of B. cinerea. Moreover, as for the CWDEs, 
their abundant production is often triggered by the presence of a 
pathogen elicitor (Monte, 2001; Vinale et al., 2008), as was, for 
example shown for the peptaibol synthesis in T. harzianum in pres¬ 
ence of B. cinerea cell walls (Schirmbock et al., 1994). One of the 
best-studied secondary metabolites is the pyrone 6-pentyl-2H- 
pyran-2-one or the ‘coconut aroma’ volatile compound, a metabo¬ 
lite that seems to be common to the Trichoderma genus and for 
which antifungal activity against B. cinerea has been demonstrated. 
Antifungal activity against several tomato pathogens has also been 
shown for purified butenolides and anthraquinones originating 
from various Trichoderma spp. (Liu et al., 2009; Vinale et al„ 
2009). Malmierca et al. (2012) recently also provided evidence 
for the role of trichothecenes in antibiosis of B. cinerea by showing 
that the antifungal activity of Trichoderma mutants defective in 
trichothecene formation was reduced. Finally, peptides such as 
the linear short-chain length peptaibols can cause membrane leak¬ 
age due to their amphipathic nature that allows them to self-asso¬ 
ciate into oligomeric ion channels in the membranes subsequently 
leading to cell death. They were also shown to be induced by the 
presence of pathogen elicitors and to inhibit for example B. cinerea 
spore germination and hyphal elongation (Schirmbock et al., 1994; 
Chugh and Wallace, 2001). Cheng et al. (2011) recently reported 
that the extracellular protein L-amino acid oxidase secreted by T. 
harzianum ETS 323 was also involved in direct antagonism against 
B. cinerea, with hyphae of the pathogen showing an apoptosis-like 
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response, including ROS generation, DNA fragmentation and depo¬ 
larization of mitochondrial membrane. 

Instead of directly inhibiting the pathogen, the compounds pro¬ 
duced by Trichoderma spp. can also disarm the pathogen by reduc¬ 
ing its pathogenicity. For example, T. harzianum T39 produces 
cysteine proteases that significantly inhibit the activity of the 
B. cinerea arsenal of hydrolytic enzymes that the pathogen uses 
for infection, including various polygalacturonases, pectin methyl 
esterase, pectate lyase, chitinase, p-l,3-glucanase and cutinase 
(Zimand et al., 1996; Kapat et al., 1998; Elad and Kapat, 1999). 

2.3. Competition 

While mycoparasitism and antibiosis have been attributed only 
to Trichoderma spp. and P. oligandrum, competition as a potential 
biocontrol mechanism has been reported for the other BCFs as 
well. Competition for nutrients or for space and infection sites usu¬ 
ally occurs between micro-organisms with the same physiological 
requirements in an ecological niche where resources might be lim¬ 
ited. Competition for nutrients and especially for carbon is inher¬ 
ent to the soil environment, thus it comes as no surprise that 
this mechanism has been reported for arbuscular mycorrhizal 
fungi (AMF), P. oligandrum and Trichoderma spp., and is considered 
the primary mode of action for some non-pathogenic F. oxysporum 
strains (Alabouvette et al., 2009). For example, Larkin and Fravel 
(1999) attributed the biocontrol effect of F. oxysporum strain 
Fo47 to its strong capacity to compete for carbon with the tomato 
wilt pathogen F. oxysporum f. sp. lycopersici, while the biocontrol 
strain CS-20 seemed to suppress this disease through other mech¬ 
anisms than competition. In the case of AMF, the transfer of assim¬ 
ilated carbon from a plant host to the fungus is estimated to range 
from 4% to 20% and thus it seems plausible that AMF compete with 
pathogens for this resource. Carbon competition has often been 
suggested as a mechanism through which AMF exert their biocon¬ 
trol effect, but evidence in literature is scarce (Jung et al., 2012). 
Different AMF species have been reported to have a different car¬ 
bon sink strength, and according to the hypothesis of carbon com¬ 
petition they should thus also exhibit different levels of biocontrol 
(Lerat et al., 2003). However, this claim does not seem to be sup¬ 
ported by experimental evidence (Vierheilig et al., 2008). For 
example, Glomus intraradices could not exert a biocontrol effect 
on the pathogenic fungus Phytophthora parasitica despite its high 
carbon sink strength (Pozo et al., 2002). Trichoderma spp. have also 
been reported to compete for carbon. For example, only when glu¬ 
cose was limited, B. cinerea germ tube length was significantly 
reduced by T. atroviride. In the presence of other sugars such as 
sucrose and fructose, however, a significant inhibitory effect on 
germ tube length was observed at all tested concentrations (Card 
et al., 2009). 

While competition for nutrients is closely linked to the soil and 
the rhizosphere, competition for infection sites usually occurs on 
or inside the plant roots. Intense colonization of the root surface 
can prevent access of the pathogen to its prefered infection sites, 
although there is some debate about this mechanism for non- 
pathogenic F. oxysporum. Biocontrol by the Fo47 strain against 
Fusarium wilt in tomato was only obtained when the BCF was 
applied in higher doses than the pathogen, which the authors 
ascribed to competition for infection sites since both strains nor¬ 
mally colonize the same zones on the root surface (Fravel et al., 
2003). It is difficult to exclude competition for nutrients in this 
case, however, since it is not clear whether specific infection sites 
exist for this pathogen and hyphae of both strains could still be 
observed at the same location on the root (Olivain et al., 2006). 
Competition for space or infection sites also seems plausible 
between AMF and root pathogens, since they both reside in the 
same part of the plant. Cordier et al. (1998) observed for example 


that arbuscule-containing tomato root cells and their neighboring 
cells were not invaded by the pathogenic fungus P. parasitica. This 
led to the assumption that the biocontrol effect of AMF might 
increase with the degree of colonization (Vierheilig et al., 2008), 
which was partly found true: a critical degree of colonization is 
considered as a prerequisite for biocontrol, typically characterized 
by the presence of arbuscules, although this is more likely related 
to indirect biocontrol mechanisms than to direct competition 
(Pozo and Azcon-Aguilar, 2007). The point of entry for a pathogen 
into the plant tissue comprises also wounds, senescing host tissues, 
or natural openings such as stomata and lenticels. These areas are 
generally nutrient-rich because of exudation of sugars and amino 
acids. Therefore, by colonizing wounds or senescing tissue 
Trichoderma spp. can also prevent infection (Mutawila et al., 2011). 


3. Plant-mediated effects 

Although direct antagonism is well described for most BCFs, in 
many cases the mechanisms highlighted in the previous section 
cannot explain the observed reduction in plant disease. For exam¬ 
ple, T. virens mutants impaired in antibiotic production (gliotoxin) 
or mycoparasitic potential were still able to reduce Rhizoctonia 
solani disease symptoms (Howell et al., 2000). In addition, in many 
cases soil-borne BCFs have also shown protection against disease 
when they were physically separated from the pathogen, either 
because it concerned infection by a leaf pathogen, or because the 
BCF and soil-borne pathogen were separated from each other in 
a so-called split-root set-up, in which the root system is distributed 
over two physically separated compartments. It is thus obvious 
that indirect, plant-mediated mechanisms also play a pivotal role 
in disease suppression. This systemic biocontrol effect can be clo¬ 
sely linked with the capacity of the BCF to colonize plant roots. 
Indeed, even the beneficial fungi, both obligate and opportunistic 
symbionts, are initially recognized as root invaders by the plant 
because of the receptor-mediated perception of molecules that 
are often conserved among pathogenic and beneficial fungi 
(reviewed by Zamioudis and Pieterse, 2012). These molecules are 
termed microbe-associated molecular patterns (MAMPs) and the 
defense response induced in the plant upon MAMP-recognition 
by pattern recognition receptors (PRRs) is refered to as MAMP- 
triggered immunity (MTI), which forms the first line of defense 
of the plant attempting to limit further fungal invasion (Jones 
and Dangl, 2006). Remarkably, only very recently the existence of 
an MTI response in roots was described for the first time (Millet 
et al., 2010). In order to successfully establish an intricate symbi¬ 
otic relationship with their plant host, the BCFs have developed 
various strategies to cope with the plant defense responses, either 
by attempting to reduce the induction of MTI or by actively sup¬ 
pressing it through the production of effector molecules 
(Zamioudis and Pieterse, 2012). This initial recognition phase of 
the BCF by the plant seems to prime the plant for a faster, stronger 
and often jasmonate (JA)-dependent defense response upon subse¬ 
quent pathogen attack, a phenomenon that is termed induced sys¬ 
temic resistance (ISR). Traditionally, induced plant defenses are 
either categorized as systemic acquired resistance (SAR) or as 
ISR. SAR is typically defined as depending on the salicylic acid 
(SA) signaling pathway with the induction of the pathogenesis- 
related protein (PR) genes PR1, PR2 and PR2-5 (Durrant and 
Dong, 2004; Vlot et al., 2009). In contrast, ISR is thought to be 
SA-independent and regulated by the ethylene (ET) and jasmonate 
(JA) signaling pathway instead, not accompanied by major changes 
in PR-protein expression (Pieterse et al., 1996, 2009). However the 
overlap between SAR and ISR appears to be larger than originally 
expected as a consequence of crosstalk between the different hor¬ 
monal pathways involved. This is, for example, demonstrated by 
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the NPR1 protein in A. thaliana, which plays a central role in SAR as 
a crucial transcriptional co-activator of SA-responsive genes, but is 
also required for ISR induced by Pseudomonas fluorescens WCS417 
(Pieterse et al., 1998). In addition, the nature and composition of 
the ISR response seems to depend strongly on the tripartite 
plant-BCF-pathogen combination under study (Mathys et al., 

2012) . In the next sections we will discuss into detail the interac¬ 
tion of the five major BCFs with tomato and the implications for 
ISR. We will first describe the different colonization patterns of 
the BCFs, the recognition by their host and the induction of defense 
responses, in order to better understand the impact on ISR. 

3.1. AMF 

3.1.1. AMF - tomato colonization pattern 

The obligate symbionts AMF obviously rely on plant roots for 
their survival and establish an intricate relationship with the plant 
host. Remarkably enough, AMF spore germination is independent 
of any plant signals, although a positive effect of root exudates 
has been reported (Tawaraya et al., 1996). Upon germination, 
hyphae with strong apical dominance protrude from the germina¬ 
tion tube for a small distance. If no host signals are encountered, 
growth is stopped within a few days, hyphae will be sealed off 
and the cytoplasm will be retracted to the spore (Logi et al., 
1998). The broad host range of AMF, together with this energy¬ 
saving mechanism and the possibility of repeated spore germina¬ 
tions seems enough to compensate for the host independent 
germination of this obligate symbiont (Giovannetti et al., 2002). 
The exploratory hyphal development from the asymbiotic phase 
changes drastically upon detection of plant-derived signals, result¬ 
ing in increased hyphal growth and branching during which the 
AMF uses up all its reserves to increase the chance to actually 
encounter a root (Harrison, 2005). Only recently strigolactones 
have been identified as the plant-derived ‘branching factors’. These 
compounds form a steep gradient in the rhizosphere due to their 
labile nature, and can thus be considered as good indicators for 
the proximity of plant roots (Parniske, 2008). The role of strigolac¬ 
tones in AMF symbiosis formation has been demonstrated by using 
strigolactone biosynthesis tomato knock-out mutants in a caroten¬ 
oid cleavage dioxygenase (ccd8) or tomato plants expressing a 
cdd7 antisense construct, which in both cases resulted in signifi¬ 
cantly reduced mycorrhizal colonization (Koltai et al., 2010; 
Vogel et al., 2010). Another key element of the presymbiotic cross¬ 
talk is formed by the so-called Myc factors produced by AMF. These 
diffusible signals were recently identified as lipochitooligosaccha- 
rides (LCOs) and are probably ancestral to the more recent LCO-like 
rhizobial Nod factors (Maillet et al., 2011 ). The perception of these 
signaling compounds by the plant leads to the activation of the so- 
called symbiotic (SYM) pathway that is partially overlapping with 
the Rhizobium- legume symbiosis formation pathway (leading to 
nitrogen fixation) and facilitates subsequent root colonization 
(Oldroyd et al., 2013; Recorbet et al., 2013; Salvioli and Bonfante, 

2013) . 

The physical contact between the fungus and the plant roots 
leads to morphological rearrangements in both partners character¬ 
ized by differentiation of hyphae into appressoria and formation of 
a prepenetration apparatus in the epidermal cells to accommodate 
AMF penetration (Gianinazzi-Pearson et al, 2009). Penetration 
hyphae develop from the appressoria which will further colonize 
the root cortex, typically following either the Arum or Paris type 
growth pattern (Gao et al., 2004). In the Arum type, fungal hyphae 
grow intercellularly and branch off to form arbuscules, which are 
short intracellular branched hyphae with a treelike appearance, 
while in the Paris type plant cell wall penetration is much more 
frequent since hyphae grow directly from cell to cell, with the 
development of arbusculate coils in the colonized cortex cells 


(Kubota et al., 2005). It should be noted however that the plasma 
membrane of the plant is in no case penetrated and all fungal 
structures thus remain in the apoplast, resembling the haustoria 
formation in biotrophic pathogens (Nonomura et al., 2010). Arbus¬ 
cules are pivotal for the symbiosis, forming the interface for nutri¬ 
ent exchange between the fungus and the plant (Vierheilig, 2004). 
Later in the symbiosis the fungus can also form storage structures 
designated as vesicles, and extend a network of hyphae outside the 
roots which is important for nutrient uptake (Giovannetti et al., 
2002 ). 

3.1.2. AMF - tomato recognition and interaction 

Being obligate biotrophs, AMF share some similarities with bio¬ 
trophic pathogens and transcriptional profiling of the plant 
response to both micro-organisms has indeed revealed significant 
overlap (Paszkowski et al., 2006). During the early stages of AMF 
symbiosis an MT1 response is thus evoked in the plant, although 
the induction is typically only weak and transient. So far no 
MAMPs have been identified for AMF, but it is expected that such 
molecules are conserved among the biotrophic fungi regardless of 
their symbiotic or pathogenic nature (Paszkowski et al., 2006). An 
initial insight in this respect comes from the ectomycorrhizal fungi 
(EMF) that mainly establish a symbiosis with tree species and 
cover the roots with a dense mycelial mantle (Bonfante and 
Genre, 2010). In contrast with AMF, the genomes of two EMF spe¬ 
cies have already been assembled. The EMF Laccaria bicolor and the 
black truffle Tuber melanosporum apparently lack several gene fam¬ 
ilies encoding CWDEs which could generate damage-associated 
molecular patterns (DAMPs) (Martin et al., 2008, 2010). These are 
plant-derived molecules typically released after plant cell wall 
degradation by micro-organisms, and their detection by the plant 
also induces defense responses. Thus, the absence of such genes 
points into the direction that mycorrhizal fungi attempt to avoid 
MT1 stimulation as much as possible, which has also been observed 
in the case of biotrophic pathogens (Kamper et al., 2006; Baxter 
et al., 2010). 

Global transcriptional changes in tomato upon colonization by 
the AMF Funnetiformis mosseae (previously named Glomus mosseae) 
have been reported by Fiorilli et al. (2009). They performed micro¬ 
array analysis of tomato roots and shoots as well as laser microdis¬ 
section of arbusculate cells to study the cell-type expression profile 
of a subset of genes possibly involved in arbuscule development. 
Significant gene modulation was observed both in roots and 
shoots, with differentially expressed genes in the shoot being 
mainly down-regulated. The most responsive genes in both plant 
parts functioned in primary and secondary metabolism, defense 
and response to biotic and abiotic stimuli. Interestingly, many 
defense-related genes were down-regulated in the shoots, which 
was in contrast to what was found in other plants and could sug¬ 
gest greater susceptibility of mycorrhizal tomato plants to foliar 
pathogens, although the authors found the opposite in a B. cinerea 
infection test (Fiorilli et al., 2009). Results further suggested a role 
for auxin and abscisic acid (ABA) metabolism in arbuscule forma¬ 
tion and functioning. The role of ABA in the establishment of a 
functional symbiosis was earlier also shown by Herrera-Medina 
et al. (2007), since tomato mutants deficient in ABA synthesis (sit- 
iens) showed reduced AMF colonization, which could be restored 
by exogenous ABA application. 

Another microarray analysis of tomato was performed by 
Lopez-Raez et al. (2010). The authors focused on transcriptional 
and hormonal profiles in tomato roots upon colonization by two 
AMF with different colonization patterns, namely F. mosseae and 
G. intraradices, to investigate to which extent the tomato response 
is dependent on the AMF species. Tomato roots colonized by both 
species showed a clear induction in oxo-phytodienoic acid (OPDA), 
a jasmonic acid (JA) precursor, while no differences in freeJA levels 
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were observed. It is assumed that JA has a central role in the AMF 
symbiosis since an increase in free JA has been reported in many 
mycorrhizal plants (reviewed by Hause and Schaarschmidt, 
2009), but experimental evidence for mycorrhizal tomato plants 
is controversial. Indeed, using tomato mutants affected in JA 
biosynthesis or signaling, both positive and negative regulatory 
roles of the JA pathway in AMF symbiosis have been found 
(Herrera-Medina et al., 2008; Tejeda-Sartorius et al., 2008). 
Lopez-Raez et al. (2010) therefore proposed OPDA as a main regu¬ 
lator of AMF symbiosis in tomato, also taking into account that in 
tomato higher levels of OPDA relative to JA accumulate upon 
wounding or pathogen attack (Miersch et al„ 2008; Vicedo et al., 
2009). The microarray analysis of Lopez-Raez et al. (2010) further 
also revealed the common induction of JA-biosynthesis and 
-signaling related genes such as LOXA, AOS1, AOS3, JAME and 
JAZ2 in mycorrhizal tomato roots. Several previously designated 
markers of AMF symbiosis were also found induced upon coloniza¬ 
tion by both species, including genes encoding a chitinase, gluta¬ 
thione S-transferase, p-l,3-glucanase, patatin and a PRIO-like 
protein. The biosynthesis of oxylipins was also induced upon colo¬ 
nization by both AMF species. Two main branches of the oxylipin 
pathway exist in plants, with the 13-LOX branch leading to the bio¬ 
synthesis of JA and its derivatives, whereas the 9-LOX branch 
results in the biosynthesis of ketols and 10-OPDA (Wasternack, 
2007). The largely root-specific 9-LOX pathway was induced more 
strongly in the tomato-F. mosseae interaction, which the authors 
linked to the lower degree of colonization of this AMF species. In 
general, there was only 35% overlap between the transcriptional 
profiles of tomato roots in interaction with both species, with the 
specific pattern for F. mosseae indicating a more exhaustive control 
of the tomato plants over the F. mosseae colonization. Specific 
responses to F. mosseae colonization further included the induction 
of the isoleucine conjugate of JA (JA-Ile) and JA marker genes like 
proteinase inhibitors 1 and II. In addition, increased levels of sali¬ 
cylic acid (SA) and concomitant induction of PRla were only 
observed in F. mosseae tomato roots. 

All these data clearly show that AMF cannot avoid an initial MTI 
response, accompanied by transcriptional and hormonal changes 
in the plant in an attempt to limit invasion. However, the MTI 
response is transient since the AMF will use effectors to suppress 
this initial MTI response or to promote their symbiotic program. 
In line with the general observation that SA is a key regulator of 
plant defense against biotrophs (Glazebrook, 2005), SA seems to 
have a negative impact on AMF colonization. AMF therefore appar¬ 
ently try to suppress the SA-mediated defense in order to achieve a 
successful colonization (Jung et al., 2012). It is proposed that the 
establishment of the symbiotic program, which is activated in 
the plant upon perception of the mycorrhizal Myc factors, counter¬ 
acts the MTI, although the precise mechanisms are yet to be eluci¬ 
dated (Zamioudis and Pieterse, 2012). The first AMF effector has 
only recently been described by Kloppholz et al. (2011). The SP7 
effector of G. intraradices is induced upon contact with the host 
roots and this protein can cross the plant membrane to interact 
with the defense-related ethylene (ET)-responsive factor ERF19 
in the plant nucleus to block the ERF19-mediated transcriptional 
program. The identification of SP7 as an AMF effector protein that 
interferes with ET signaling can be associated with recent reports 
highlighting the role of this hormone in MTI (Boutrot et al., 
2010; Mersmann et al., 2010; Millet et al., 2010). 

3.1.3. AMF - tomato-pathogen 1SR 

The intricate cross-talk between the AMF and its host with 
active modulation of defense responses is thus at the same time 
necessary to attain a successful colonization, as well as a prerequi¬ 
site for 1SR, which in the case of AMF is often refered to as mycor- 
rhiza-induced resistance (MIR). Indeed, upon pathogen attack 


tomato plants with a fully established mycorrhizal symbiosis show 
a faster and stronger defense response, often dependent on a fully 
functional JA signaling pathway (Pozo and Azcon-Aguilar, 2007). 
For a comprehensive review summarizing the earlier work on 
MIR the reader is refered to Whipps (2004). MIR was shown for 
the first time by Cordier et al. (1998), who observed both local 
and systemic plant defense responses in mycorrhizal tomato 
against P. parasitica in a split-root set-up. The systemic defense 
response in non-mycorrhizal root parts of G. mossae-colonized 
tomato was characterized by the elicitation of host wall thicken¬ 
ings containing non-esterified pectins and the induction of the 
pathogenesis-related protein PRla, as well as by the formation of 
callose-rich encasements around penetrating hyphae of the patho¬ 
gen in order to halt its spreading (Cordier et al., 1998). Pozo et al. 
(2002) also reported a combination of local and systemic defense 
responses in the same three-way-interaction, with local induction 
of AMF-related new isoforms of the hydrolytic enzymes chitinase, 
chitosanase, p-l,3-glucanase and superoxide dismutase, involved 
in oxidative stress protection, while the lytic activity of some of 
the constitutive isoforms was altered in the systemic, non- 
mycorrhizal root parts. The authors observed MIR against 
P. parasitica when tomato plants were colonized by F. mosseae, 
but not by G. intraradices, which was concomitant with the induc¬ 
tion of specific isoforms by F. mosseae. Since the authors more 
recently compared the transcriptional profiles in tomato roots after 
colonization with both AMF species, a role in F. mosseae- MIR was 
proposed for the highly induced 9-LOX oxylipin branch (Lopez- 
Raez et al., 2010), which is supported further by the report that 
resistance to P. parasitica in tobacco roots was dependent on the 
9-LOX branch (Fammartino et al 2007). In another study MIR 
was also observed against B. cinerea leaf infection of mycorrhizal 
tomato, which was correlated with the expression of the JA marker 
Pin II. Expression of the marker was induced after B. cinerea infec¬ 
tion in both mycorrhizal and non-mycorrhizal plants, but the 
expression was markedly higher in mycorrhizal plants, clearly 
demonstrating the priming of JA-related defense responses in 
MIR (Pozo et al., 2010). Fiorilli et al. (2009) also found a decrease 
of B. cinerea disease symptoms in mycorrhizal tomato plants, 
although they had observed that many defense-related genes were 
down-regulated in the shoots. They concluded that the genes in 
question did not play a prominent role in the defense against this 
pathogen but rather hypothesized a link with ABA since genes 
involved in ABA catabolism were up-regulated in the shoots, and 
a decreased ABA content in leaves can contribute to increased 
B. cinerea tolerance (Fiorilli et al., 2011; Seifi et al., 2013). 

3.2. P. indica 

3.2.1. P. indica colonization pattern 

Being only recently discovered as a BCF, so far no detailed stud¬ 
ies have been undertaken of the tomato-P. indica interaction, 
although the disease suppressing potential of this BCF against 
Verticillium dahliae and F. oxysporum f. sp. lycopersici in tomato 
has already been reported (Fakhro et al., 2010; Sarma et al„ 
2011; Qiang et al., 2012). The colonization pattern has not yet been 
described in tomato, but the general pattern that emerges from 
observations on other plants seems to include two main phases: 
an initial biotrophic growth phase, followed by a cell-death depen¬ 
dent phase in which root cells are actively killed by the BCF (Jacobs 
et al., 2011 ). The crosstalk taking place between the fungus and its 
host plant preceding physical contact still has to be revealed for P. 
indica. Recent studies in Arabidopsis and barley indicated that upon 
contact with the roots, appressoria develop and the fungus will 
preferentially colonize the maturation zone of the roots, while it 
is hardly detected in the root meristematic and elongation zones 
(Deshmukh et al„ 2006; Jacobs et al., 2011). Fungal growth is 
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mainly intercellular, however the root zone will become heavily 
infested by both inter-and intracellular hyphae and coiled 
branches. Plant cell death is then induced by the fungus, but seems 
to be restricted to the colonized cells alone. This phase appears to 
be a requirement for fungal proliferation, as dead rhizodermal and 
cortical cells become completely filled with chlamydospores. The 
fungus seems to achieve this by interfering with the host cell death 
machinery and not by the release of cytotoxic compounds (Shoresh 
et al., 2010). Thus the P. indica colonization process appears to be 
even more complex than that of AMF. The fact that this BCF, in con¬ 
trast to AMF, is able to colonize Arabidopsis with a surprising colo¬ 
nization pattern has drawn the attention of the scientific 
community. An additional factor adding to the complexity of this 
symbiosis process is that endocellular bacteria seem to be intri¬ 
cately connected to P. indica, leading to the suggestion that they 
also play a role in the symbiosis and biocontrol potential of the 
fungus (Sharma et al., 2008). 

3.2.2. P. indica - host recognition and interaction 

Since P. indica has an exceptionally large host range, it can be 
inferred that it possesses an extraordinary capacity to deal with 
the defense responses of its host and possibly targets conserved 
recognition and signaling pathways (Lahrmann and Zuccaro, 
2012). So far nothing is known about P. indica MAMPs or its ability 
to release DAMPs from its host, but the question whether P. indica 
evades or suppresses the MT1 was recently addressed by Jacobs 
et al. (2011) in Arabidopsis. In a first series of experiments they 
treated P. indica-colonized roots with several well-known MAMPs 
including the bacterial flagellin (Flg22) and a fungal chitin octamer 
(N-acetylchitooctaose; Glc8), which are generally known to trigger 
an MT1 response in the plant (Gomez-Gomez et al., 1999; Zipfel 
et al., 2004; Miya et al., 2007). Surprisingly, P. indica-colonized 
roots were almost completely nonresponsive to these MAMPs both 
in terms of marker gene expression and callose deposition, clearly 
indicating the capacity of the BCF to actively suppress the MT1 
response. Treatment of seedlings with the abovementioned stan¬ 
dard MAMPs before inoculation with P. indica significantly reduced 
subsequent colonization, thus indicating that the root MT1 is 
indeed also effective against this BCF. At present it can thus be con¬ 
cluded that P. indica most probably contains MAMPs that are able 
to elicit an MTI response in the plant, which the BCF can then 
apparently actively suppress in a highly effective manner (Jacobs 
et al., 2011). Based on their presence in the recently annotated P. 
indica genome, fungal lectins and small secreted proteins (SSPs) 
are highlighted as candidate effectors to suppress the MTI response 
in early colonization steps (Lahrmann and Zuccaro, 2012). 

The transient nature of the MTI response during P. indica colo¬ 
nization has for example been demonstrated by Schafer et al. 
(2007) in barley, in which they noticed the transient up-regulation 
of the defense-related markers PRlb, PR2 and PR5 only at the early 
stages of the colonization. Even the cell-death phase of the coloni¬ 
zation is not accompanied by necrosis formation or visible cell wall 
reinforcements, as opposed to the strong defense response that can 
be induced by necrotizing pathogens (Deshmukh et al., 2006). 
Early plant responses have been reported to include production 
of reactive oxygen species (ROS), while later on in the colonization 
defense responses include SA-mediated responses and production 
of indole glucosinolates (Jacobs et al., 2011). Hence Arabidopsis 
mutants impaired in SA or glucosinolate-associated defenses were 
found to be more susceptible to P. indica colonization (Sherameti 
et al., 2008; Jacobs et al., 2011). Similarly, mutants lacking mon- 
odehydroascorbate reductase 2 (MDAR2) and dehydroascorbate 
reductase 5 (DHAR5), involved in antioxidant reduction, were 
hypersusceptible to P. indica (Vadassery et al., 2009). A central role 
in the P. indica plant interaction is proposed for JA (Qiang et al., 
2012). P. indica colonization was shown to up-regulate markers 


for JA biosynthesis and signaling in the roots and as such suppres¬ 
sion of the MTI response is thought to involve the JA signaling 
pathway and more specifically JAR1 and MYC2, since the fungus 
could not suppress MTI in the corresponding Arabidopsis mutants 
jarl and myc2 (Schafer et al., 2009; Jacobs et al., 2011). However, 
the involvement of other plant hormones has been reported as 
well. Transcriptional analysis of barley to P. indica colonization 
revealed that the biotrophic colonization phase was accompanied 
by induction of genes involved in ABA and auxin pathways, while 
the cell-death phase was associated with increase in gibberellic 
acid (GA) and brassinosteroids (Schafer et al., 2009). Barley 
mutants impaired in gibberellic acid (GA) showed elevated root 
defense responses and reduced root colonization (Schafer et al., 

2009) , while a higher colonization was observed the Arabidopsis 
mutants etrl, ein2 and ein3 related to ET-signaling (Camehl et al., 

2010 ) . 

3.2.3. P. indica - host-pathogen 1SR 

Research on P. indica has largely focused on interactions with 
root pathogens, without any reported direct effect of the BCO on 
the pathogen, but ISR has also been clearly observed against leaf 
pathogens (Stein et al., 2008; Waller et al., 2008; Franken, 2012). 
For example, powdery mildew leaf infection of P. indica-colonized 
barley plants, induced a subset of defense-related genes in a faster 
and stronger manner than in non-colonized plants (Molitor et al., 

2011). In tomato, disease-suppressive effects against V. dahliae 
and F. oxysporum have been reported (Fakhro et al., 2010; Sarma 
et al., 2011; Qiang et al., 2012). With the recent in-depth sequenc¬ 
ing of the tomato genome, molecular studies focusing on the 
tomato-P. indica interaction are expected to emerge soon. A ques¬ 
tion that remains is to what extent the endobacteria that live in 
association with P. indica have a role in its biocontrol effect. 
Remarkably enough the fungus could not yet be cured from its bac¬ 
terial occupiers, which belong to the genera Rhizobium, Acinetobac- 
ter, PaenibaciUus or Rhodococcus (Sharma et al., 2008). By contrast, 
Rhizobium radiobacter could be isolated from P. indica and propa¬ 
gated axenically. Surprisingly, when directly applied to barley 
plants, the bacterium was able to induce an ISR response to pow¬ 
dery mildew (Sharma et al., 2008), thus it seems that both partners 
in the fungal-bacterial association contribute to ISR. 

3.3. Trichoderma 

3.3.3. Trichoderma colonization pattern 

Trichoderma spp. are common inhabitants of the soil and 
recently it was reported that their endophytic behavior has origi¬ 
nated more recently in evolution compared to their mycoparasitic 
lifestyle (Kubicek et al., 2011). It is speculated that the presence of 
fungal prey and plant-root derived nutrients has attracted the 
Trichoderma ancestors to the plant rhizosphere (Druzhinina et al., 
2011). In this context it is interesting to note that Trichoderma 
spp. were able to employ the extraradical mycelium of AMF as a 
gateway to enter potato roots, a trait that might have facilitated 
the evolution of endophytism (De Jaeger et al., 2010). Some 
Trichoderma strains can colonize only local sites on roots, while 
the so-called rhizosphere-competent strains are able to establish 
a long-lasting colonization with their host (Harman et al., 2004). 
The general colonization pattern of Trichoderma spp. starts with 
hyphae coiling around the roots and forming appressoria-like 
structures to penetrate the root cortex (Yedidia et al., 1999). It 
was shown that even before colonization the fungus can produce 
auxins to promote root growth, which facilitates colonization due 
to the increased root surface area (Contreras-Cornejo et al., 
2009). The fungus then grows intercellularly in the root epidermis 
and the cortex, although usually limited to the outer cortical layers 
because of restrictions imposed by the plant (Yedidia et al., 1999). 


72 


C.M. Vos et al. /Biological Control 74 (2014) 65-81 


Chacon et al. (2007) studied the colonization pattern of T. harzia- 
num CECT 2413 in tomato in detail by confocal microscopy with 
GFP-fused T. harzianum. When either hydroponicaily or soil-grown 
tomato plants were inoculated with conidia of this strain, a similar 
colonization pattern was observed. First a dense hyphal network 
covering the entire main root could be observed, with hyphae 
attaching to the root and settling in the grooves between 
epidermal cells which led to a subtle disorganization of this cell 
layer. This is followed by colonization of the epidermis and cortex, 
with intercellular hyphal growth characterized by the formation of 
swollen, papilla-like hyphal tips, which seemed to be induced by 
the plant as they were detected in much lower levels in hyphae 
grown in absence of tomato roots. The Trichoderma strain then 
undergoes further morphological changes that have thus far only 
been observed in this specific interaction, switching to a yeast-like 
cell type that remained attached to the root surface (Chacon et al., 
2007). In the colonization process of tomato by Trichoderma 
hamatum T382 these structures could not be observed (Yang 
et al., unpublished results). Remarkably, some Trichoderma spp. 
have been isolated from aerial plant parts, although even in that 
case they were afterwards able to colonize roots (Bae et al., 2011). 

3.3.2. Trichoderma - tomato recognition and interaction 

Trichoderma colonization clearly does not remain unnoticed to 
the plant, that restricts the internal fungal growth by callose depo¬ 
sition in the surrounding plant cells and production of phenolic 
compounds (Yedidia et al., 1999). Trichoderma spp. release various 
compounds that are believed to act as MAMPs and thus contribute 
to this MT1 response. These include proteins with enzymatic activ¬ 
ity or hydrophobin-like properties and various secondary metabo¬ 
lites originally identified for their direct antifungal activity such as 
peptaibols (reviewed by Hermosa et al., 2012). The first recognized 
MAMP was a xylanase from Trichoderma viride, more specifically 
the ET-inducing xylanase (Xyn2 or Eix). This is a potent elicitor 
of various responses in tomato and tobacco, including a hypersen¬ 
sitive response (Rotblat et al., 2002), for which the corresponding 
plant PRR receptor (Eix2) has even been identified. The catalytic 
activity of Eix is not required for eliciting defense responses in 
the plant, indicating that the enzyme itself acts as a MAMP and 
binds to the receptor (Ron and Avni, 2004). Another MAMP was 
identified from T. harzianum CECT 2413 as a cell-wall degrading 
endopolygalacturonase ThPGl (Moran-Diez et al., 2009). This 
MAMP was also shown to be necessary for active colonization of 
tomato, since Thpgl -silenced Trichoderma transformants displayed 
a reduced colonization capacity. Vinale et al. (2008) reported that 
certain secondary metabolites produced by various Trichoderma 
strains such as 6-Pentyl-oc-pyrone, harzianoiide and harzianopyri- 
don exerted a direct antimicrobial effect at high doses, but act as 
MAMPs at low concentrations, thus activating MTI and regulating 
plant growth in tomato. As for the other BCFs, additional com¬ 
pounds that can trigger plant defense are oligosaccharides and 
low-molecular-weight compounds released from fungal or plant 
cell walls as a consequence of the activity of Trichoderma enzymes 
(DAMPs) (Woo and Lorito, 2007). Chitin oligosaccharides have in 
this respect been shown to be elicitors of MTI, as they are bound 
by the lysine motif LysM receptor-like kinase CERK1 (Kishimoto 
et al., 2010). Thus, the wide range of chitinases secreted by Tricho¬ 
derma spp. for direct antagonism can indirectly also evoke an MTI 
response. 

The changes induced in the plant upon Trichoderma coloniza¬ 
tion have already been studied in various plants at transcriptome, 
proteome or metabolite level and include in general extensive 
alterations in defense-related functions, enhanced photosynthesis 
efficiency under stress, oxidative stress protection, activation of 
cell wall metabolism, lytic enzymes and production of phytoalex¬ 
ins (reviewed by Shoresh et al., 2010). The first microarray analysis 


of the tomato-T. hamatum T382 interaction was carried out by 
Alfano et al. (2007), focusing on the differential gene expression 
in leaves after Trichoderma colonization of roots. Most of the differ¬ 
entially expressed genes had functions associated with biotic or 
abiotic stress, with a notably strong induction of the SA marker 
PR5. Other SA markers, however, were not induced even though 
they were represented on the microarray. The expression of genes 
involved in JA and ET signaling pathways such as Loxl, Pall, ETR1 
and CTR1 was not altered, although in general a central role has 
again been ascribed to the JA signaling pathway for plant-Tric/ro- 
derma interactions. This is confirmed in our recent results obtained 
with tomato signaling mutants in interaction with the same T382 
strain, which indicate that the 1SR triggered by T. hamatum T382 
in tomato is JA biosynthesis-dependent (Yang et al., 2013). Alfano 
et al. (2007) also found plant cell wall metabolism to be altered 
in the leaves, as shown by the induction of extensins and 
extensin-like proteins (Alfano et al. 2007). Extensins are not only 
involved in plant cell wall changes, but also in induction of plant 
defense and in this respect they have also been shown to be 
involved in rhizobia-mediated 1SR (Shoresh et al., 2010). Tucci 
et al. (2011) investigated the interaction of T. atroviride PI and T. 
harzianum T22 with various wild and cultivated tomato lines. They 
performed expression analysis by qRT-PCR of markers for SA 
(PRlbl and PR-P2 ) and JA ( PINI , PINU, TomLoxA and TomloxC) path¬ 
ways. Although the genetic variability among the tomato lines 
greatly affected the outcome of the interaction, the SA-mediated 
defense response was generally up-regulated by the Trichoderma 
strains as indicated by the induction of the SA markers, whereas 
JA-related genes seemed less responsive. The authors showed in 
addition that the up-regulation of SA markers was relatively 
long-lasting in the most responsive tomato genotypes, since induc¬ 
tion of particularly PRlbl and PR-P2 was still observed after 
60 days. Thus, it seems that the long-term response to Trichoderma 
spp. in tomato involves SA signaling, at least in absence of patho¬ 
gen infection (Tucci et al., 2011). Malmierca et al. (2012) investi¬ 
gated the response of the same SA and JA marker genes in 
tomato leaves after root colonization by Trichoderma arundinace- 
um, a species that had not yet been described as a BCO before, 
and found that T. arundinaceum induced expression of both SA 
(PRlbl) and JA markers ( PINI and PIN11). Since this strain is also 
known to produce the trichothecene harzianum A (HA), the 
authors constructed a mutant with aberrant HA biosynthesis to 
evaluate the role of HA in biocontrol. The tri4 mutant, that does 
not produce HA, did not only display reduced direct antifungal 
activity against B. cinerea and R. solani, but also reduced induction 
of the JA and SA markers as compared to the wild type strain. It 
thus seems that HA can be considered as another MAMP for 
Trichoderma spp. 

3.3.3. Trichoderma - tomato-pathogen ISR 

One of the first reports on Trichoderma-ISR in tomato was by De 
Meyer et al. (1998). Although T. harzianum T39 was present only 
on the roots, a significant reduction in B. cinerea symptoms was 
observed on the leaves. Since then many studies have focused on 
the Trichoderma- plant interaction, and this earlier work has been 
reviewed by Benitez et al., 2004. However to date few examples exist 
in literature where the tripartite ISR interaction has been examined 
at the molecular level. Alfano et al. (2007) observed an ISR effect of T. 
hamatum T382 against tomato bacterial spot caused by Xanthomo- 
nas euvesicatoria (syn. Xanthomonas campestris pv. vesicatoria), 
however they only performed a microarray analysis of the 
Trichoderma- plant interaction just before pathogen inoculation. 
Tucci et al. (2011) looked at the induction of SA and JA markers after 
infection by B. cinerea and noted a clear ISR effect of T. atroviride PI 
and T. harzianum T22 for some tomato genotypes, however not for 
all lines. While in the absence of a pathogen the Trichoderma strains 
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mainly induced the SA markers, upon pathogen infection the 
SA-dependent gene expression seemed to be mitigated by the BCFs 
and the JA-mediated response was promoted. Indeed, the expression 
of the JA markers P/M, P/M/, TomLoxA and TomLoxC was enhanced in 
the tripartite interaction, with T22 causing the most consistent 
repression of SA and stimulation of JA markers across the different 
tomato genotypes. Chowdappa et al. (2013) infected tomato plants 
with A. solani or P. infestans and found that disease symptoms were 
significantly reduced when plants were colonized by a T. harzianum 
strain. The ISR response was accompanied by increased IAA and GA 
levels, as well as increased activity of polyphenol oxidase, 
peroxidase and superoxide dismutase. These increased enzyme 
activities point towards increased oxidative stress protection in 
Trichoderma-colonized tomato roots, which was previously also 
shown in tripartite interactions in Arabidopsis (Mathys et al., 
2012). Vinale et al. (2008) demonstrated that ISR can also be induced 
by the secondary metabolites secreted by Trichoderma spp. A 
reduction of B. cinerea disease symptoms on tomato leaves was 
observed after treatment of the seedlings with the purified 
secondary metabolites, which was concomitant with an induction 
of several defense-related genes like chitinase, PR1 and endochitin- 
ase. Finally, it is interesting to note that the ISR effect has been 
demonstrated to be long-lasting, at least for the commercialized 
T. harzianum T22 strain. In field trials with tomato, disease caused 
by natural infection by the early blight pathogen A. solani was 
significantly reduced by T22 root drench treatment at transplanting, 
more than 100 days earlier (Harman et al., 2004). 

3.4. F. oxysporum 

3.4.1. F. oxysporum colonization pattern 

The colonization pattern of the protective strain Fo47 has been 
described in several plant species, including tomato, by transform¬ 
ing the strain with different reporter genes (Bolwerk et al., 2005; 
Olivain et al., 2006; Nahalkova et al., 2008). Similar to Trichoderma 
spp., the fungus typically intensively colonizes the tomato root sur¬ 
face. Hyphae have then been observed to penetrate root hairs or 
the epidermis either inter- or intracellularly, however there are rel¬ 
atively few penetration sites compared to the high hyphal density 
on the root surface. Appressoria formation as such has not been 
found, but specialized penetration structures do seem to develop 
as hyphal swellings at the penetration sites on tomato roots. The 
fungus does not seem to have a preference for certain root zones 
as penetration sites are found on both young and mature root parts 
(Alabouvette et al., 2009). Differences in the colonization pattern of 
tomato roots have been observed depending on the experimental 
system used. For example, both in vitro and in hydroponics whole 
roots become heavily colonized with a uniform distribution of con- 
idia on the root surface and intensive colonization at the root api¬ 
ces where exudates are abundant, while in soil the roots seem to 
outgrow the germination conidia and apices are thus not colo¬ 
nized. In addition, it was observed that germ tubes in the soil do 
not show a particular directed growth toward the root surface 
(Olivain et al., 2006; Nahalkova et al., 2008). Fungal growth inside 
the root was mainly restricted to the outer layers of the root, 
including the epidermis, hypodermis and rarely the outer cortex 
layers, due to the defense reactions induced in the plant. Only in 
a few cases hyphae were observed in the inner cortex which the 
authors linked to the high inoculum pressure used in those partic¬ 
ular experiments. In contrast to the pathogenic F. oxysporum 
strains, the beneficial, non-pathogenic strains thus never reach 
the stele (Alabouvette et al., 2009). 

3.4.2. F. oxysporum - tomato recognition and interaction 

Defense reactions are clearly induced in the tomato plant roots 

upon colonization by the non-pathogenic F. oxysporum strains. 


Structural barriers are created by thickening and coiling of the cell 
walls around the penetrating fungus, accompanied by cell wall 
appositions, intercellular plugging and intracellular osmiophilic 
deposits (Benhamou and Garand, 2001). The invading Fo47 strain 
was even reported to suffer from plasma membrane breakdown 
and cytoplasm disorganization, and a local hypersensitive response 
appears to take place (Olivain et al., 2003). The non-pathogenic 
strains thus clearly elicit an MTI response in the plant, which is 
stronger than in the case of pathogenic strains that consequently 
succeed in reaching the vascular cylinder (Fravel et al., 2003). It 
is not known whether the differences in plant response upon col¬ 
onization by a non-pathogenic or a pathogenic strain are due to 
differences in MAMPs, or due to the existence of specific effectors 
that modulate the defense response. Secondary metabolites pro¬ 
duced by F. oxysporum strains are candidate MAMPs, including fus- 
aric acid, necrosis-and-ethylene producing protein Nepl and 
tomatinase, which have all been shown to elicit plant defense 
responses at low concentrations (Ito et al., 2004; Bae et al., 2006; 
Bouizgarne et al., 2006). However so far it has not been investi¬ 
gated whether they are specific for pathogenic or non-pathogenic 
strains and thus whether they could be implicated in the priming 
of ISR. 

Tomato plants colonized by non-pathogenic F. oxysporum were 
reported to have higher root activity of chitinase, fi-l,-3-glucanase 
and p-l,4-glucosidase compared to non-colonized plants (Tamietti 
et al., 1993; Fuchs et al., 1997), while in leaves an enhanced accu¬ 
mulation of PR1 and chitinases was observed (Duijff et al., 1998). 
The accumulation of ferulic, caffeic and vanillic acid was equally 
found increased in the leaves of tomato plants colonized by a 
non-pathogenic strain as compared to non-colonized controls 
(Panina et al„ 2007). However when these responses are compared 
to those induced by pathogenic F. oxysporum strains, the plant 
response is generally reported to be lower in the beneficial interac¬ 
tion, although global transcriptomic studies are still lacking. 
Recorbet et al. (1998) reported for example a lower activity of chi¬ 
tinase and p-l,-3-glucanase in roots colonized by the non-patho¬ 
genic strains as compared with the pathogenic strain. Similarly, 
Aime et al. (2008) found a lower expression of p-l,-3-glucanases, 
chitinases and PRla in tomato roots after inoculation with the 
non-pathogenic strain. More recently, the same authors investi¬ 
gated the expression of several other defense-related genes in 
tomato roots after inoculation with the non-pathogenic Fo47 and 
pathogenic FoI8 strain (Aime et al., 2013). Enhanced expression 
was observed for a basic intracellular chitinase, a basic intracellular 
p-l,-3-glucanase and a lipoxygenase, which was always higher in 
case of Fol8, thus pointing to a possible role for both SA and JA- 
mediated mechanisms. 

It must be noted, however, that the borderline between a ben¬ 
eficial and pathogenic strain is very thin in the case of F. oxysporum. 
Considering the narrow host specificity of the pathogenic strains, 
the absence of pathogenicity in a certain plant species could simply 
be a consequence of incompatibility with a non-host plant, which 
may suffice to elicit the defense responses in the plant and protect 
it against later attacks. So-called non-pathogenic strains should 
thus actually be tested on a very wide range of plants before they 
can actually be classified as such (L’Haridon et al., 2011). 

3.4.3. F. oxysporum - tomato-pathogen ISR 

For a summary on the earlier work of ISR by non-pathogenic 
F. oxysporum, the reader is refered to the review by Fravel et al. 
(2003). For example, non-pathogenic F. oxysporum isolates such 
as CS-20 have been shown to be very effective in reducing Fusar- 
ium wilt disease of tomato under a broad range of environmental 
conditions (Larkin and Fravel, 2002). A certain degree of root col¬ 
onization seems to be a prerequisite for the induction of ISR, 
since mutants of non-pathogenic strains that were affected in 
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their ability to penetrate the tomato roots had lost their protec¬ 
tive effect against the pathogenic strain (Di Pietro et al., 2001; 
Duyvesteijn et al., 2005; Alabouvette et al., 2009). Since the pro¬ 
tective effect of the non-pathogenic strains has in most cases 
been investigated against pathogenic strains of the same species, 
ISR has mainly been demonstrated by the use of split-root sys¬ 
tems (Fuchs et al., 1997; Duijff et al., 1998; Larkin and Fravel, 
1999; Aime et al., 2008). A systemic effect in the leaves was 
observed by Kavroulakis et al. (2007), who reported that the 
non-pathogenic Fusarium solani Fs-K strain was able to colonize 
tomato roots and subsequently protect the plants against the 
foliar pathogen Septoria lycopersici. They employed mutant 
tomato lines to determine the role of ET (Never ripe and epinas- 
tic) and JA (defl) in the ISR response and found that the ET sig¬ 
naling pathway seemed to be required for the ISR effect. 
Evidence for a primed plant response was recently provided by 
Aime et al. (2013). The authors set up an in vitro experimental 
system enabling accurate tomato root inoculation with either 
non-pathogenic Fo47 or pathogenic Fol8, in such a way that 
the fungi could be kept physically separated from each other. 
The use of specific markers allowed them to quantify fungal bio¬ 
mass of each strain in the root, and clearly indicated that Fol8 
growth was reduced when roots had been pre-inoculated by 
Fo47. This was concomitant with a higher increase in an acidic 
extracellular chitinase, acidic extracellular p-l,-3-glucanase and 
PRla in roots pre-inoculated with Fo47, which was not observed 
when either strain was present alone in the roots and could thus 
play a role in the observed disease suppression (Aime et al., 
2013). 

3.5. P. oligandrum 

3.5.1. P. oligandrum colonization pattern 

The thin borderline between beneficial and pathogenic micro¬ 
organisms is also well exemplified by the beneficial oomycete P. 
oligandrum. This BCF displays an unusual colonization pattern 
which consists of a rapid colonization phase of the whole root in 
a way similar to pathogenic oomycetes, while induction of plant 
responses will lead to its subsequent degeneration without causing 
any damage to the root tissue (Rey et al., 1998). Cytological inves¬ 
tigations of P. o/igcmdrum-inoculated tomato roots revealed that 
the BCF proliferates at the root surface and readily penetrates the 
epidermis throughout the root. Once inside the root P. oligandrum 
will spread to all root tissues, even including the vascular stele. 
This growth phase is soon followed by the sudden degradation of 
the oomycete, with changes in the hyphal structures being 
observed as early as 14 h after inoculation. The oomycete cells will 
then gradually degenerate and finally become empty structures, 
while typical oogonia are formed (Le Floch et al., 2005). 

3.5.2. P. oligandrum - tomato recognition and interaction 

The fast and extensive MTI response of the plant indicates that 
P. oligandrum MAMPs are well perceived by the plant. At least two 
MAMPs have already been characterized so far. The first described 
MAMP was oligandrin, a 10 kDa elicitin-like protein (Picard et al., 
2000). Application of oligandrin was reported to induce resistance 
in various plants including tomato against pathogens like P. parasi¬ 
tica, F. oxysporum and B. cinerea (Benhamou and Garand, 2001 ). The 
nature of the elicited response in tomato seemed to vary according 
to the challenging pathogen. For example, upon oligandrin treat¬ 
ment a strong stimulation of the phenylpropanoid and terpenoid 
pathways was found in the tomato-P. parasitica interaction, while 
in the tomato-F. oxysporum interaction a massive deposition of cell 
wall appositions at the sites of pathogen penetration was observed, 
together with the production of various antimicrobial compounds 
(Picard et al., 2000). P. oligandrum cell wall glycoproteins (CWP), 


termed POD-1 and POD-2, are also potent elicitors of the MTI 
response (Takenaka et al., 2006). These MAMPs have a conserved 
region with six cysteine residues similar to that found in oligandrin 
and are also classified as elicitin-like, based on their ability to elicit 
plant defense responses without the induction of a typical hyper¬ 
sensitive response. The same authors recently reported that POD- 
1 and POD-2 need to form a specific 3D structure in order to dis¬ 
play their elicitor capacity (Takenaka et al., 2011). Masunaka 
et al. (2010) demonstrated that both MAMPs were found only in 
the P. oligandrum genome and not in other Pythium spp. Similar 
to oligandrin, application of the CWP fractions either as a root 
drench or foliar spray was reported to protect plants against vari¬ 
ous pathogens, with the induction of the phenylpropanoid path¬ 
way, PR proteins and cell-wall bound phenolic compounds 
(Takenaka et al., 2003; Takenaka and Tamagake, 2009). 

The response of the plant upon P. oligandrum colonization 
involved the formation of cell wall appositions as well as the 
induction of the phenylpropanoid and terpenoid pathways, 
which was well correlated with the structural changes in the P. 
oligandrum hyphae (Le Floch et al., 2005). The degeneration of 
the oomycete by the plant clearly indicate that it does not have 
the ability to avoid or suppress the MTI response, unlike the 
other BCFs. The signaling pathways involved in this reaction 
have not yet been investigated, and the only information comes 
from studies performed with the P. oligandrum CWP. Treatment 
of tomato plants with CWP did not induce SA accumulation or 
induction of the SA-marker PR1 (Flase et al., 2008). Furthermore, 
no up-regulation of SA-related genes was observed in a gene 
expression analysis of CWP-treated tomato with cDNA arrays 
(Takahashi et al., 2006). 

3.5.3. P. oligandrum - tomato-pathogen ISR 

P. oligandrum has been shown to protect tomato plants against 
several fungal and bacterial pathogens by ISR (Benhamou et al., 
1997; Le Floch et al., 2003). Tomato plants that have been pre¬ 
treated by P. oligandrum typically react to subsequent pathogen 
infection by a combination of physical and chemical responses to 
limit penetration and spread of the pathogen. For example, tomato 
plants pretreated with P. oligandrum and then infected by F. oxy¬ 
sporum f. sp. lycopersici displayed enhanced callose deposition that 
succeeded in preventing the pathogen from entering the vascular 
cylinder. In addition, enhanced phytoalexin production and PR pro¬ 
tein synthesis was observed (Benhamou et al„ 1997). Tomato 
infection by the bacterial wilt pathogen Ralstonia solanacearum 
was also halted by the rapid formation of structural barriers 
(Masunaka et al., 2009). Hase et al. (2008) showed that the ISR 
response against R. solanacearum was not compromised in CWP- 
treated transgenic tomato plants expressing the nahG gene encod¬ 
ing an hydroxylase that degrades SA. On the contrary, the ISR effect 
was abolished in the jail mutant, with an impaired JA signaling 
pathway, thus indicating the importance of the JA-dependent sig¬ 
naling pathway in this case. An ISR effect was also observed against 
B. cinerea infection of the aboveground tomato plant parts, which 
was accompanied by the induction of p-l,-3-glucanase (Le Floch 
et al., 2003). Finally, Le Floch et al. (2009) recently found the ISR 
capacity of P. oligandrum equally effective as that of T. harzianum 
and F. oxysporum Fo47 in controlling B. cinerea infection in tomato, 
which was accompanied by an induction of chitinase PR3 protein. 

3.6. Other plant-mediated effects 

Besides the induction of ISR, other indirect, plant-mediated 
effects can also contribute to increased disease tolerance. For most 
of the above-mentioned BCFs (AMF, P. indica, Trichoderma spp. and 
P. oligandrum ) the ability to increase nutrient uptake and promote 
plant growth has been reported. The nutrient exchange between 
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the BCF and its host has been best documented for AMF, forming 
typical structures in the plant for this purpose, a specialization 
which has not been observed for the other BCFs. Indeed, while 
nutrient transporters have also constituted a central role in AMF 
research for many years, the nutritional strategies of the other BCFs 
as well as their nutrient transfer mechanisms are still largely 
unknown (Lahrmann and Zuccaro, 2012). Since long AMF have 
been known to increase the uptake of water and mineral nutrients 
for their host plant, especially of phosphate, while in turn they 
receive photosynthetic carbon from their host (Gianinazzi et al., 
2010). Together with the increased protection against abiotic stres¬ 
ses, this can also render the plant more tolerant to pathogen infec¬ 
tion and partially compensate for disease-related damage. The 
higher uptake of phosphate has even been proposed as an explana¬ 
tion for the observed biocontrol effect in the case of AMF, as it is 
known that the plant responses induced by AMF can vary depend¬ 
ing on the phosphate availability (Javot et al., 2007). Contrary it 
could not be demonstrated that the increased supply of phosphate 
could match the AMF-induced bioprotection. For example, Fritz 
et al. (2006) reported that mycorrhizal tomato plants had signifi¬ 
cant less A. solani symptoms than non-mycorrhizal plants, 
although no increase in phosphate uptake was observed. Con¬ 
versely, when the authors supplied additional phosphate to the 
mycorrhizal plants, a higher disease severity was even observed. 
Interestingly, there does not seem to be a direct connection 
between increased phosphate uptake and plant growth promotion 
in mycorrhizal plants, since growth depression following AMF col¬ 
onization has been observed in some cases, even when phosphate 
transport to the host was active (Smith and Smith, 2011). While 
phosphate and also nitrogen transfer have been most studied 
(Tian et al., 2010; Smith et al., 2011), also the importance of AMFs 
on plant uptake of micro-elements has been investigated. For 
example, the Zn content in shoots and fruits of field-grown mycor¬ 
rhizal tomato has been reported to increase compared to tomato 
mutants with reduced mycorrhizal colonization (rmc) (Cavagnaro 
et al„ 2006). 

P. indica can also provide the plant with additional nutrients, 
probably through solubilization of minerals or by stimulating the 
plant to take up more nutrients (Peskan-Berghofer et al., 2004) 
and a growth promoting effect has been observed on a broad range 
of plants including tomato. Fakhro et al. (2010), for example, 
reported a strong increase in tomato fruit biomass after coloniza¬ 
tion with P. indica both in soil and hydroponic cultures, mainly 
due to a larger fruit number than in control plants. The mecha¬ 
nisms of P. indica growth promotion are only now starting to be 
investigated, and a role for several hormones such as ET, GA and 
cytokinins in growth promotion of Arabidopsis has been suggested 
(Vadassery et al., 2008; Camehl et al., 2010; Jacobs et al., 2011). It 
has not been investigated whether P. oligandrum increases the 
nutrient content of its host, but it is hypothesized that plant 
growth promotion, which has been observed in tomato, occurs 
through the production of the auxin precursor tryptamine (TNH 2 ) 
in the rhizosphere (Le Floch et al., 2003). In case of Trichoderma 
spp., increased nutrient uptake as well as plant growth promotion 
have been observed on many occasions, although this seems to 
depend on various other factors, including the specific plant and 
fungal species. For example, Tucci et al. (2011) reported that the 
growth-promoting effect of T. harzianum and T. atroviride on 
tomato shoots and roots depended on the tomato cultivar, with 
growth responses varying from growth promotion to suppression. 
Similarly, Alfano et al. (2007) did not observe growth promotion in 
the tomato-T. hamatum T382 interaction, while Chacon et al. 
(2007) reported a clear tomato growth promotion upon T. harzia¬ 
num CECT 2413 inoculation, with an increase in foliar area and sec¬ 
ondary roots. As has been hypothesized for P. oligandrum, 
Trichoderma spp. have been reported to produce indole-3-acetic 


acid (IAA), and a role for auxins has been proposed accordingly 
for growth promotion in tomato (Gravel et al., 2007; Chowdappa 
et al., 2013). Gravel et al. (2007) suggested that T. atroviride 
stimulated tomato root growth by balancing the synthesis and 
degradation of IAA, as well as by limiting ET synthesis through 
hydrolysis of its precursor 1-aminocyclopropane-l-carboxylic acid 
(ACC). 

Apart from growth promotion, increased root branching is 
often reported after colonization by AMF (Gamalero et al., 2002; 
Berta et al., 2005) and Trichoderma spp. (Chacon et al., 2007; 
Tucci et al., 2011), which can also impact plant disease resistance, 
e.g. positively by increasing its vigour due to elevated nutrient 
uptake capacity (see above) or negatively by increasing the 
potential infection surface for pathogens targeting specific infec¬ 
tion sites on the roots. Another indirect plant-mediated effect 
on disease suppression that has been studied only in the case 
of AMF comprises the altered root exudation of mycorrhizal 
plants (Hodge, 2000; Jones et al., 2004). Root exudation can vary 
both quantitatively and qualitatively in mycorrhizal plants, and 
differences in root exudate composition have been reported, 
including exudation of amino acids (Harrier and Watson, 2004), 
flavonoids (Steinkellner et al., 2007), phenolic compounds 
(McArthur and Knowles, 1992), sugars and amino acids (Sood, 
2003; Lioussanne et al., 2008). The altered root exudation is also 
reflected in the systemic autoregulation of the mycorrhizal colo¬ 
nization by the host (Pinior et al., 1999; Vierheilig et al., 2003): 
once roots are colonized by AMF, plants appear to be able to reg¬ 
ulate further colonization through the release of root exudates. It 
has been proposed that plants might use this mechanism as a 
preventative measure against further mycorrhizal colonization 
and defense against pathogens at the same time (Vierheilig and 
Piche, 2002; Vierheilig et al., 2008). Root exudates from mycorrhi¬ 
zal tomato plants have been shown to affect several fungal patho¬ 
gens and even nematodes (Vos et al., 2012a, b), although effects 
can vary depending on the pathogen and the maturity of the 
mycorrhizal symbiosis (Scheffknecht et al., 2006). Fillion et al. 
(1999) showed the reduction of F. oxysporum f. sp. chrysanthemi 
conidia germination when subjected to crude extracts from G. 
intraradices mycelium. On the other hand, a stimulatory effect 
on the microconidia germination of F. oxysporum f. sp. lycopersici 
was observed by Scheffknecht et al. (2006), and Phytophthora 
nicotiana infection of tomato was not affected by mycorrhizal root 
exudates (Lioussanne et al., 2009). Lioussanne et al. (2008) also 
observed that the attraction of P. nicotianae zoospores towards 
mycorrhizal root exudates shifted to repellency, depending on 
the maturity of the mycorrhizal colonization. Very recently, 
Hage-Ahmed et al. (2013) observed a significant increase in cit¬ 
rate and chlorogenic acid in the root exudates of mycorrhizal 
tomato plants under attack of F. oxysporum f. sp. lycopersici com¬ 
pared with root exudates of mycorrhizal tomato plants alone. 
Hence the authors proposed a role for these compounds in the 
suppression of pathogen germination and subsequent infection 
of tomato roots. 

Changes in the mycorrhizal root exudates composition also lead 
to alterations in the microbial rhizosphere, where other beneficial 
micro-organisms reside that can in turn also have a direct or indi¬ 
rect effect on disease suppression. Populations of facultative anaer¬ 
obic bacteria, fluorescent pseudomonads, Streptomyces species and 
chitinase-producing actinomycetes (Marschner and Baumann, 
2003; Wamberg et al., 2003; Harrier and Watson, 2004) have all 
been shown to be stimulated in the presence of mycorrhizal root 
exudates. Root exudates originating from mycorrhizal tomato 
plants have, for example, been reported to attract plant growth 
promoting bacteria like P. fluorescens (Sood, 2003) and to stimulate 
populations of beneficial soil micro-organisms like Trichoderma 
spp. (Fillion et al., 1999). 
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4. Conclusions and perspectives 

The BCFs discussed above and their possible modes of action are 
summarized in Table 1 . All BCFs are able to colonize tomato roots 
to some extent. We described their different colonization patterns, 
ranging from the sophisticated AMF symbiosis to the short-lived P. 
oligandrum root colonization. While AMF, being obligate root sym¬ 
bionts, are obviously very well suited for forming a long-lasting 
durable symbiosis with their plant host, for F. oxysporum and P. oli¬ 
gandrum, probably highly resembling their corresponding patho¬ 
genic relatives, it is less straightforward to penetrate the plant 
roots, as shown by the defense response induction in the host plant 
upon their colonization attempts (Rey et al., 1998; Picard et al., 
2000; Benhamou and Garand, 2001; Olivain et al., 2003). Although 
lacking plant-pathogenic relatives, the colonization pattern of 
Trichoderma spp. resembles that of F. oxysporum, with root coloni¬ 
zation rarely going beyond the outer cortex due to the reaction of 
the plant (Yedidia et al., 1999; Chacon et al., 2007). The MT1 
response of the plant typically involves the formation of structural 
barriers including the deposition of callose to limit further root col¬ 
onization. All BCFs have solved this problem in their own specific 
way, but we are now only starting to unravel the specifics of these 
interactions. Since AMF are bound to the roots for their survival, it 
is of primordial importance that they can overcome the MTI 
response, or succeed in masking their presence. The other BCFs 
can also survive saprophytically in the soil, thus the need to 
develop mechanisms for bypassing the plant barriers and coloniz¬ 
ing roots more profoundly is probably less crucial in this evolution¬ 
ary arms race. In recent years the first MAMPs have been identified 
for Trichoderma spp. (Hermosa et al., 2012) and a role for DAMPs is 
also expected, since these compounds are not only created in 
plant-pathogen interactions but also by BCFs and can equally lead 
to the induction of defense responses in the plant. 

A certain overlap between MAMPs of BCF and biotrophic patho¬ 
gens is also anticipated (Zamioudis and Pieterse, 2012). Indeed, 
beneficial and detrimental plant-fungus interactions have long 
been investigated separately, and it is only recently that the BCF 
research community has started to integrate the plant pathological 
concepts in their domain, due to the increasing amount of indica¬ 
tions of common mechanisms for both BCF and pathogens. For 
example, effector biology has been a major research field in 
plant-pathogen interactions for some years, while it is only now 
becoming an area of interest for BCFs as well, with the first AMF 
effector recently being reported (Kloppholz et al., 2011 ). The grow¬ 
ing convergence of plant-pathogen and plant-BCF research is also 


facilitated by the shift in scientific attention towards plant roots, 
where most BCFs naturally reside and which has been long 
neglected in comparison with above-ground plant parts. This is 
illustrated by the first report that roots also respond to different 
MAMPs and set up an MTI response, which was performed only 
three years ago (Millet et al., 2010). 

The general pattern that is often described for ISR-inducing 
BCFs is that of a weak and transient MTI response of the plant upon 
colonization, which is followed by a faster and higher induction of 
the defense responses upon subsequent pathogen attack (Pozo 
et al, 2010). Priming, in which a central role for JA is generally pro¬ 
posed, has been demonstrated for all BCFs. Showing overlap with 
biotrophic pathogens, the BCFs are often thought to suppress SA 
signaling in order to establish their root colonization, while JA sig¬ 
naling is employed by the BCF and functions in the subsequent ISR 
response (Pozo and Azcon-Aguilar, 2007; Zamioudis and Pieterse, 
2012). The picture is certainly more complex, with an intricate 
interplay of different signaling pathways probably being more 
realistic, but it is difficult to distill common mechanisms from all 
experimental data, since defense responses depend for example 
on fungal and plant species, exact time point of observation and 
even concentration of BCF inoculum (Mathys et al., 2012; 
Mukherjee et al., 2012). Research for each BCF also has its own spe¬ 
cific focusing points. In order to better understand the general 
mechanisms of biocontrol, as far as they can be generalized, it 
would be advisable to streamline future BCF research and focus 
on the same research questions in all BCFs. In our group we started 
such more systematic study of tripartite interactions with the 
plant-BCF-pathogen model Arabidopsis-T. hamatum T382-B. ente¬ 
red (Mathys et al., 2012). Both this BCF and fungal pathogen were 
chosen because of their broad spectrum of host plants regarding 
the induction of ISR and plant infection, respectively, including 
the model plant Arabidopsis. First, we performed a genome wide 
characterization both before and after pathogen infection in order 
to obtain a more profound insight into the mechanisms of the so- 
called ISR-prime and boost-phase (Mathys et al., 2012). We discov¬ 
ered a strong similarity between the ISR-prime and SAR, while the 
JA-pathway appeared more important in the boost phase. In gen¬ 
eral, we observed significant differences in the plant response 
induced by either the fungal BCO (ISR) and the fungal pathogen 
(Botiytis induced defense response (BIDR)). Starting from this 
model tripartite interaction, we then changed one of the interact¬ 
ing partners in order to systematically investigate the tripartite 
BCF-pIant-pathogen interaction and to define to what extent ISR 
mechanisms can be extrapolated from one experimental system 


Table 1 

Summary of different biocontrol mechanisms that have been demonstrated for each biocontrol fungus discussed in the review. 


BCO 

Colonization pattern 

Antagonism 


Plant-mediated effects 

Genome 

sequenced 



Mycoparasitism 

Antibiosis Competition 

ISR 

Other plant-mediated 
effects 

Arbuscular mycorrhizal 
fungi 

Whole root cortex colonized 

Specialized structures for nutrient transfer 
Weak and transient plant defense response 
leads to plant priming 


— + 

+ 

+ 


Piriformospora indica 

Mainly root maturation zone colonized 
Biphasic colonization: biotrophic phase 
followed by cell-death dependent phase 



+ 

+ 

+ 

Trichoderma spp. 

Dense hyphal network around the root 
Colonization restricted to outer cortex 

+ 

+ + 

+ 

+ 

+ 

Non-pathogenic Fusarium 
oxysporum 

Dense hyphal network around the root 
Colonization rarely reaches outer cortex 

- 

— + 

+ 

- 

- 

Pythium oligandrum 

Rapid colonization of all root zones 

Strong plant defense response limits 
duration of colonization and the BCO 
degenerates 

+ 

+ + 

+ 

+ 
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to another. Changing the model plant Arabidopsis for the crop plant 
tomato in the tripartite interaction has revealed significant overlap 
as well as specificities for each interaction. For example, the flavo- 
noid and JA-biosynthesis pathways were found induced in both 
systems, while induction of the SA-signaling pathway appeared 
to be plant-specific (Yang et al., unpublished). Using this system¬ 
atic approach, we recently also changed the model BCF T382 and 
thereby identified several ISR markers genes that seemed pre¬ 
served by different Trichodenna strains and can assist us in future 
screenings of potential ISR-inducing BCFs (De Cremer et al., 2013; 
Vos et al., unpublished). 

Currently global genome-wide studies are still missing that 
might improve our insight into both plant-pathogen, plant-BCF 
and tripartite interactions. With the emergence of next generation 
sequencing techniques like RNA sequencing, however, this is 
expected to change rapidly. The technique is already being adopted 
for two-partite studies focusing on plant-pathogen (Kawahara 
et al., 2012; Kyndt et al., 2012) or plant-BCF interactions (Tanaka 
et al., 2012), and the first next-generation studies of tripartite 
interactions are emerging (Perazzolli et al., 2012). These experi¬ 
ments are facilitated by the increasing amount of available 
sequenced genomes of all players in the tripartite interactions. 
Some of the most important tomato plant pathogens that have 
already been sequenced include B. cinerea (Amselem et al., 2011), 
P. infestans (Haas et al., 2009), F. oxysporum f. sp. lycopersici (Ma 
et al., 2010) and Pythium ultimum (Levesque et al., 2010). Concern¬ 
ing the BCFs, so far only the genomes of P. indica (Zuccaro et al., 

2011) and of the Trichoderma spp. T. atroviride, T. virens and T. reesei 
(Kubicek et al., 2011 ) have been sequenced and additional projects 
for T. harzianum and T. cisperellum are underway (Druzhinina et al., 
2011 ). 

This information forms the starting point for a great leap for¬ 
ward in our understanding of the molecular basis of the tripartite 
interactions. It will also help us to further elucidate the parallels 
that are emerging between BCFs and pathogenic fungi, which will 
certainly be a major focus in the years to come. The detailed molec¬ 
ular data will also enable us to improve the use of these BCFs in 
agriculture, for example by identification of novel potential strains 
from fungal libraries, by targeted genetic improvement of the 
known BCF strains or the identification and isolation of their bioac¬ 
tive compounds. Another important issue to address in view of 
future practical applications is the combination of different BCFs 
and the mechanisms underlying their interplay. Anith et al. 
(2011), for example, investigated the effect of combining T. harzia¬ 
num and P. indica. The Trichoderma strain turned out to antagonize 
P. indica growth as well as subsequent root colonization, however 
inoculation of pepper plants with both BCFs resulted in higher 
plant weight compared to single inoculations. For the combination 
of AMF and Trichoderma spp., different outcomes have been noted. 
Some studies suggested a synergism between both BCFs, while 
others observed an antagonistic effect of Trichoderma spp. on 
AMF or vice versa (McAllister et al., 1994; Green et al., 1999). In 
addition, the combination of BCFs with bioactive compounds is 
also a promising topic that merits further investigation. These 
compounds could for example be derived from known Trichoderma 
spp. or P. oligandrum MAMPs (Vinale et al., 2009; Benhamou et al., 

2012 ) . 

In conclusion, it is clearly an exciting era for the study of bio¬ 
control tripartite interactions. So far we have undoubtedly only 
uncovered the tip of the iceberg, but with the emergence of 
next-generation sequencing tools and an increasing amount of 
available sequenced genomes together with the tighter collabora¬ 
tion between plant pathologists and BCF scientists, our knowledge 
on the tripartite interactions is expected to rise steeply in the years 
ahead. 


Acknowledgments 

This work was financially supported by fellowships from PDM- 
KU Leuven to Christine Vos (PDM/12/126), SBA-KU Leuven to Yuxia 
Yang and FWO-Vlaanderen to Barbara De Coninck (FWO/ 
12A7213N). 


References 

Aime, S., Alabouvette, C., Steinberg, C., Olivain, C, 2013. The endophytic strain 
Fusarium oxysporum Fo47: a good candidate for priming the defense responses 
in tomato roots. Mol. Plant Microbe Interact. 26, 918-926. 

Aime, S., Cordier, G, Alabouvette, C., Olivain, C., 2008. Comparative analysis of PR 
gene expression in tomato inoculated with virulent Fusarium oxysporum f. sp 
lycopersici and the biocontrol strain F. oxysporum Fo47. Physiol. Mol. Plant 
Pathol. 73, 9-15. 

Alabouvette, C., Olivain, C., Migheli, Q., Steinberg, C., 2009. Microbiological control 
of soil-borne phytopathogenic fungi with special emphasis on wilt-inducing 
Fusarium oxysporum. New Phytol. 184, 529-544. 

Alfano, G., Ivey, M.L., Cakir, C., Bos, J.I., Miller, S.A., Madden, L.V., Kamoun, S., Hoitink, 
H.A., 2007. Systemic modulation of gene expression in tomato by Trichoderma 
hamatum 382. Phytopathology 97, 429-437. 

Amiri, A., Heath, S.M., Peres, N.A., 2013. Phenotypic characterization of 
multifungicide resistance in Botrytis cinerea isolates from strawberry fields in 
Florida. Plant Dis. 97, 393-401. 

Amselem, J., Cuomo, C.A., van Kan, J.A.L., Viaud, M., Benito, E.P., Couloux, A., 
Coutinho, P.M., de Vries, R.P., Dyer, P.S., Fillinger, S., Fournier, E., Gout, L., Hahn, 
M., Kohn, L., Lapalu, N., Plummer, K.M., Pradier, J.M., Quevillon, E., Sharon, A., 
Simon, A., ten Have, A., Tudzynski, B., Tudzynski, P., Wincker, P., Andrew, M., 
Anthouard, V., Beever, R.E., Beffa, R„ Benoit, I., Bouzid, O., Brault, B., Chen, Z.H., 
Choquer, M., Collemare, J., Cotton, P., Danchin, E.G., Da Silva, C., Gautier, A., 
Giraud, C., Giraud, T., Gonzalez, C., Grossetete, S., Guldener, U., Henrissat, B., 
Howlett, B.J., Kodira, C., Kretschmer, M., Lappartient, A., Leroch, M., Levis, C., 
Mauceli, E., Neuveglise, C., Oeser, B., Pearson, M., Poulain, J., Poussereau, N., 
Quesneville, H., Rascle, C., Schumacher, J., Segurens, B., Sexton, A., Silva, E., 
Sirven, C., Soanes, D.M., Talbot, N.J., Templeton, M., Yandava, C., Yarden, O., 
Zeng, Q.D., Rollins, J.A., Lebrun, M.H., Dickman, M., 2011. Genomic analysis of 
the necrotrophic fungal pathogens Sclerotinia sclerotiorum and Botrytis cinerea. 
PLoS Genet. 7, el 002230. 

Anith, K.N., Faseela, K.M., Archana, P.A., Prathapan, K.D., 2011. Compatibility of 
Piriformospora indica and Trichoderma harzianum as dual inoculants in black 
pepper ( Piper nigrum L). Symbiosis 55, 11-17. 

Bae, H., Kim, M.S., Sicher, R.C., Bae, H.J., Bailey, B.A., 2006. Necrosis- and ethylene- 
inducing peptide from Fusarium oxysporum induces a complex cascade of 
transcripts associated with signal transduction and cell death in Arabidopsis. 
Plant Physiol. 141, 1056-1067. 

Bae, H., Roberts, D.P., Lim, H.S., Strem, M.D., Park, S.C., Ryu, C.M., Melnick, R.L., 
Bailey, B.A., 2011. Endophytic Trichoderma isolates from tropical environments 
delay disease onset and induce resistance against Phytophthora capsici in hot 
pepper using multiple mechanisms. Mol. Plant Microbe Interact. 24, 336-351. 

Baxter, L., Tripathy, S., Ishaque, N., Boot, N., Cabral, A., Kemen, E., Thines, M., Ah- 
Fong, A., Anderson, R., Badejoko, W., Bittner-Eddy, P., Boore, J.L., Chibucos, M.C., 
Coates, M., Dehal, P., Delehaunty, I<„ Dong, S.M., Downton, P., Dumas, B., Fabro, 
G., Fronick, C., Fuerstenberg, S.L, Fulton, L., Gaulin, E., Govers, F., Hughes, L., 
Humphray, S., Jiang, R.H.Y., Judelson, H., Kamoun, S., Kyung, K., Meijer, H., Minx, 
P., Morris, P., Nelson, J., Phuntumart, V., Qutob, D., Rehmany, A., Rougon- 
Cardoso, A., Ryden, P., Torto-Alalibo, T., Studholme, D., Wang, Y.C., Win, J., Wood, 
J., Clifton, S.W., Rogers, J., Van den Ackerveken, G., Jones, J.D.G., McDowell, J.M., 
Beynon, J., Tyler, B.M., 2010. Signatures of adaptation to obligate biotrophy in 
the Hyaloperonospora arabidopsidis genome. Science 330, 1549-1551. 

Benhamou, N., Garand, C., 2001. Cytological analysis of defense-related mechanisms 
induced in pea root tissues in response to colonization by nonpathogenic 
Fusarium oxysporum Fo47. Phytopathology 91, 730-740. 

Benhamou, N., le Floch, G., Vallance, J., Gerbore, J., Grizard, D., Rey, P., 2012. Pythium 
oligandrum: an example of opportunistic success. Microbiology 158, 2679- 
2694. 

Benhamou, N., Rey, P., Cherif, M., Hockenhull, J., Tirilly, Y., 1997. Treatment with the 
mycoparasite Pythium oligandrum triggers induction of defense-related 
reactions in tomato roots when challenged with Fusarium oxysporum f. sp. 
radicis-lycopersici. Phytopathology 87, 108-122. 

Benhamou, N., Rey, P., Picard, K., Tirilly, Y., 1999. Ultrastructural and cytochemical 
aspects of the interaction between the mycoparasite Pythium oligandrum and 
soilborne plant pathogens. Phytopathology 89, 506-517. 

Benitez, T., Rincon, A.M., Limon, M.C., Codon, A.C., 2004. Biocontrol mechanisms of 
Trichoderma strains. Int. Microbiol. 7, 249-260. 

Berta, G., Sampo, S., Gamalero, E., Massa, N., Lemanceau, P., 2005. Suppression of 
Rhizoctonia root-rot of tomato by Glomus mossae BEG 12 and Pseudomonas 
fluorescens A6RI is associated with their effect on the pathogen growth and on 
the root morphogenesis. Eur. J. Plant Pathol. Ill, 279-288. 

Blancard, D., 2012. Tomato Diseases: Identification, Biology and Control. Manson 
Publishing, London. 


78 


C.M. Vos et al. /Biological Control 74 (2014) 65-81 


Bolwerk, A., Lagopodi, A.L., Lugtenberg, Bloemberg, G.V., 2005. Visualization of 
interactions between a pathogenic and a beneficial Fusarium strain during 
biocontrol of tomato foot and root rot. Mol. Plant Microbe Interact. 18,710-721. 

Bonfante, P., Genre, A., 2010. Mechanisms underlying beneficial plant-fungus 
interactions in mycorrhizal symbiosis. Nat. Commun. 1, 48. 

Bouizgarne, B., El-Maarouf-Bouteau, H., Madiona, K., Biligui, B., Monestiez, M., 
Pennarun, A.M., Amiar, Z., Rona, J.P., Ouhdouch, Y., El Hadrami, I., Bouteau, F., 
2006. A putative role for fusaric acid in biocontrol of the parasitic angiosperm 
Orobanche ramosa. Mol. Plant Microbe Interact. 19, 550-556. 

Boutrot, F., Segonzac, C., Chang, K.N., Qiao, H., Ecker, J.R., Zipfel, C., Rathjen, J.P., 
2010. Direct transcriptional control of the Arabidopsis immune receptor FLS2 by 
the ethylene-dependent transcription factors EIN3 and EIL1. Proc. Natl. Acad. 
Sci. U.S.A. 107, 14502-14507. 

Camehl, I., Sherameti, I., Venus, Y., Bethke, G., Varma, A., Lee, J., Oelmuller, R., 2010. 
Ethylene signalling and ethylene-targeted transcription factors are required to 
balance beneficial and nonbeneficial traits in the symbiosis between the 
endophytic fungus Piriformospora indica and Arabidopsis thaliana. New Phytol. 
185,1062-1073. 

Card, S.D., Walter, M., Jaspers, M.V., Sztejnberg, A., Stewart, A., 2009. Targeted 
selection of antagonistic microorganisms for control of Botrytis cinerea of 
strawberry in New Zealand. Australas. Plant Pathol. 38, 183-192. 

Cavagnaro, T.R., Jackson, L.E., Six, J., Ferris, H., Goyal, S., Asami, D., Scow, K.M., 2006. 
Arbuscular mycorrhizas, microbial communities, nutrient availability, and soil 
aggregates in organic tomato production. Plant Soil 282, 209-225. 

Chacon, M.R., Rodriguez-Galan, O., Benitez, T., Sousa, S., Rey, M., Llobell, A., Delgado- 
Jarana, J., 2007. Microscopic and transcriptome analyses of early colonization of 
tomato roots by Trichoderma harzianum. Int. Microbiol. 10, 19-27. 

Cheng, C.H., Yang, C.A., Liu, S.Y., Lo, C.T., Huang, H.C., Liao, F.C., Peng, ICC., 2011. 
Cloning of a novel L-amino acid oxidase from Trichoderma harzianum ETS 323 
and bioactivity analysis of overexpressed L-amino acid oxidase. J. Agric. Food 
Chem. 59, 9142-9149. 

Chowdappa, P., Kumar, S.P.M., Lakshmi, M.J., Upreti, K.K., 2013. Growth stimulation 
and induction of systemic resistance in tomato against early and late blight by 
Bacillus subtilis OTPB1 or Trichoderma harzianum OTPB3. Biol. Control 65, 109- 
117. 

Chugh, J.K., Wallace, B.A., 2001. Peptaibols: models for ion channels. Biochem. Soc. 
Trans. 29, 565-570. 

Contreras-Cornejo, H.A., Macias-Rodriguez, L., Cortes-Penagos, C., Lopez-Bucio, J., 
2009. Trichoderma virens, a plant beneficial fungus, enhances biomass 
production and promotes lateral root growth through an auxin-dependent 
mechanism in Arabidopsis. Plant Physiol. 149, 1579-1592. 

Cordier, C., Pozo, M.J., Barea, J.M., Gianinazzi, S., Gianinazzi-Pearson, V., 1998. Cell 
defense responses associated with localized and systemic resistance to 
Phytophthora parasitica induced in tomato by an arbuscular mycorrhizal 
fungus. Mol. Plant Microbe Interact. 11,1017-1028. 

De Cremer, K., De Coninck, B., Cammue, B.P.A., Vos, C., 2013. Development of a 
screening system for ISR-inducing Trichoderma spp. based on ISR-marker genes. 
IOBC Bull. 89, 219-222. 

De Jaeger, N., Declerck, S„ de la Providencia, I.E., 2010. Mycoparasitism of arbuscular 
mycorrhizal fungi: a pathway for the entry of saprotrophic fungi into roots. 
FEMS Microbiol. Ecol. 73, 312-322. 

de la Noval, B., Perez, E., Martinez, B., Leon, O., Martinez-Gallardo, N., Delano-Frier, 
J., 2007. Exogenous systemin has a contrasting effect on disease resistance in 
mycorrhizal tomato (Solanum lycopersicum ). plants infected with necrotrophic 
or hemibiotrophic pathogens. Mycorrhiza 17, 449-460. 

De Meyer, G., Bigirimana, J., Elad, Y., Hofte, M., 1998. Induced systemic resistance in 
Trichoderma harzianum T39 biocontrol of Botrytis cinerea. Eur. J. Plant Pathol. 
104, 279-286. 

Dean, R., Van Kan, J.A.L., Pretorius, Z.A., Hammond-Kosack, K.E., Di Pietro, A., Spanu, 
P.D., Rudd, J.J., Dickman, M., Kahmann, R., Ellis, J., Foster, G.D., 2012. The Top 10 
fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 13,414-430. 

Deshmukh, S., Hueckelhoven, R., Schaefer, P., Imani, J., Sharma, M., Weiss, M., 
Waller, F., Kogel, K.H., 2006. The root endophytic fungus Piriformospora indica 
requires host cell death for proliferation during mutualistic symbiosis with 
barley. Proc. Natl. Acad. Sci. U.S.A. 103, 18450-18457. 

Di Pietro, A., Garcia-Maceira, F.I., Meglecz, E., Roncero, M.I.G., 2001. A MAP kinase of 
the vascular wilt fungus Fusarium oxysporum is essential for root penetration 
and pathogenesis. Mol. Microbiol. 369, 1140-1152. 

Druzhinina, I.S., Seidl-Seiboth, V., Herrera-Estrella, A., Horwitz, B.A., Kenerley, C.M., 
Monte, E., Mukherjee, P.K., Zeilinger, S., Grigoriev, I.V., Kubicek, C.P., 2011. 
Trichoderma: the genomics of opportunistic success. Nat. Rev. Microbiol. 9,749- 
759. 

Duijff, B.J., Pouhair, D., Olivain, C., Alabouvette, C., Lemanceau, P., 1998. Implication 
of systemic induced resistance in the suppression of Fusarium wilt of tomato by 
Pseudomonas fluorescens WCS417r and by nonpathogenic Fusarium oxysporum 
Fo47. Eur. J. Plant Pathol. 104, 903-910. 

Durrant, W.E., Dong, X., 2004. Systemic acquired resistance. Annu. Rev. Phytopathol. 
42, 185-209. 

Duyvesteijn, R.G.E., van Wijk, R., Boer, Y., Rep, M., Cornelissen, B.J.C., Haring, M.A., 
2005. Frpl is a Fusarium oxysporum F-box protein required for pathogenicity on 
tomato. Mol. Microbiol. 57,1051-1063. 

Elad, Y., Kapat, A., 1999. The role of Trichoderma harzianum protease in the 
biocontrol of Botrytis cinerea. Eur. J. Plant Pathol. 105, 177-189. 

Fakhro, A., Andrade-Linares, D.R., von Bargen, S., Bandte, M., Buttner, C., Grosch, R., 
Schwarz, D., Franken, P., 2010. Impact of Piriformospora indica on tomato growth 
and on interaction with fungal and viral pathogens. Mycorrhiza 20, 191-200. 


Fammartino, A., Cardinale, F., Gobel, C., Mene-Saffrane, L., Fournier, J., Feussner, I., 
Esquerre-Tugaye, M.T., 2007. Characterization of a divinyl ether biosynthetic 
pathway specifically associated with pathogenesis in tobacco. Plant Physiol. 
143, 378-388. 

Fillion, M., St-Arnaud, M., Fortin, J.A., 1999. Direct interaction between the 
arbuscular mycorrhizal fungus Glomus intraradices and different rhizosphere 
microorganisms. New Phytol. 141, 525-533. 

Fiorilli, V., Catoni, M., Francia, D., Cardinale, F., Lanfranco, L., 2011. The arbuscular 
mycorrhizal symbiosis reduces disease severity in tomato plants infected by 
Botrytis cinerea. J. Plant Pathol. 93, 237-242. 

Fiorilli, V., Catoni, M., Miozzi, L., Novero, M., Accotto, G.P., Lanfranco, L., 2009. Global 
and cell-type gene expression profiles in tomato plants colonized by an 
arbuscular mycorrhizal fungus. New Phytol. 184, 975-987. 

Foolad, M.R., Merk, H.L., Ashrafi, H., 2008. Genetics, genomics and breeding of late 
blight and early blight resistance in tomato. Crit. Rev. Plant Sci. 27, 75-107. 

Franken, P., 2012. The plant strengthening root endophyte Piriformospora indica: 
potential application and the biology behind. Appl. Microbiol. Biotechnol. 96, 
1455-1464. 

Fravel, D., Olivain, C., Alabouvette, C., 2003. Fusarium oxysporum and its biocontrol. 
New Phytol. 157, 493-502. 

Fritz, M., Jakobsen, I., Lyngkjaer, M.F., Thordal-Christensen, H., Pons-Kuhnemann, J., 
2006. Arbuscular mycorrhiza reduces susceptibility of tomato to Alternaria 
solani. Mycorrhiza 16, 413-419. 

Fuchs, J.G., Moenne-Loccoz, Y., Defago, G., 1997. Nonpathogenic Fusarium 
oxysporum strain Fo47 induces resistance to Fusarium wilt in tomato. Plant 
Dis. 81, 492-496. 

Gamalero, E., Martinotti, M.G., Trotta, A., Lemanceau, P., Berta, G., 2002. 
Morphogenetic modifications induced by Pseudomonas fluorescens A6RI and 
Glomus mosseae BEG12 in the root system of tomato differ according to plant 
growth conditions. New Phytol. 155, 293-300. 

Gao, L.L., Knogge, W., Delp, G., Smith, F.A., Smith, S.E., 2004. Expression patterns of 
defense-related genes in different types of arbuscular mycorrhizal development 
in wild-type and mycorrhiza-defective mutant tomato. Mol. Plant Microbe 
Interact. 17,1103-1113. 

Gianinazzi, S., Gollotte, A., Binet, M.N., van Tuinen, D., Redecker, D., Wipf, D., 2010. 
Agroecology: the key role of arbuscular mycorrhizas in ecosystem services. 
Mycorrhiza 20, 519-530. 

Gianinazzi-Pearson, V., Tollot, M., Seddas, P.M.A., 2009. Dissection of genetic cell 
programmes driving early arbuscular mycorrhiza interactions. Springer-Verlag, 
Berlin, pp. 33-45. 

Giovannetti, M., Sbrana, C., Avio, L., 2002. Arbuscular mycorrhizal fungal mycelium: 
from germlings to hyphal networks. Birkhaeuser Publishing Ltd, Basel, pp. 49- 
58. 

Glare, T., Caradus, J., Gelernter, W., Jackson, T., Keyhani, N., Kohl, J., Marrone, P., 
Morin, L., Stewart, A., 2012. Have biopesticides come of age? Trends Biotechnol. 
30, 250-258. 

Glazebrook, J., 2005. Contrasting mechanisms of defense against biotrophic and 
necrotrophic pathogens. Annu. Rev. Phytopathol. 43, 205-227. 

Gomez-Gomez, L., Felix, G., Boiler, T., 1999. A single locus determines sensitivity to 
bacterial flagellin in Arabidopsis thaliana. Plant J. 18, 277-284. 

Gravel, V., Antoun, H., Tweddell, R.J., 2007. Growth stimulation and fruit yield 
improvement of greenhouse tomato plants by inoculation with Pseudomonas 
putida or Trichoderma atroviride: possible role of indole acetic acid IAA. Soil Biol. 
Biochem. 39, 1968-1977. 

Green, H., Larsen, J., Olsson, P.A., Jensen, D.F., Jakobsen, L, 1999. Suppression of the 
biocontrol agent Trichoderma harzianum by mycelium of the arbuscular 
mycorrhizal fungus Glomus intraradices in root-free soil. Appl. Environ. 
Microbiol. 65, 1428-1434. 

Gruber, S., Seidl-Seiboth, V., 2012. Self versus non-self: fungal cell wall degradation 
in Trichoderma. Microbiology 158, 26-34. 

Haas, B.J., Kamoun, S., Zody, M.C., Jiang, R.H.Y., Handsaker, R.E., Cano, L.M., Grabherr, 
M., Kodira, C.D., Raffaele, S., Torto-Alalibo, T., Bozkurt, T.O., Ah-Fong, A.M.V., 
Alvarado, L., Anderson, V.L., Armstrong, M.R., Avrova, A., Baxter, L., Beynon, J., 
Boevink, P.C., Bollmann, S.R., Bos, J.I.B., Bulone, V., Cai, G.H., Cakir, C., Carrington, 
J.C., Chawner, M., Conti, L., Costanzo, S., Ewan, R., Fahlgren, N., Fischbach, M.A., 
Fugelstad, J., Gilroy, E.M., Gnerre, S., Green, P.J., Grenville-Briggs, L.J., Griffith, J., 
Grunwald, N.J., Horn, K., Horner, N.R., Hu, C.H., Huitema, E., Jeong, D.H., Jones, 
A.M.E., Jones, J.D.G., Jones, R.W., Karlsson, E.K., Kunjeti, S.G., Lamour, K., Liu, Z.Y., 
Ma, L.J., MacLean, D., Chibucos, M.C., McDonald, H., McWalters, J., Meijer, H.J.G., 
Morgan, W., Morris, P.F., Munro, C.A., O’Neill, K., Ospina-Giraldo, M., Pinzon, A., 
Pritchard, L., Ramsahoye, B., Ren, Q.H., Restrepo, S., Roy, S., Sadanandom, A., 
Savidor, A., Schornack, S., Schwartz, D.C., Schumann, U.D., Schwessinger, B., Seyer, 
L., Sharpe, T., Silvar, C., Song, J., Studholme, D.J., Sykes, S., Thines, M., van de 
Vondervoort, P.J.I., Phuntumart, V., Wawra, S., Weide, R., Win, J., Young, C., Zhou, 
S.G., Fry, W., Meyers, B.C., van West, P., Ristaino, J., Covers, F., Birch, P.R.J., 
Whisson, S.C., Judelson, H.S., Nusbaum, C., 2009. Genome sequence and analysis 
of the Irish potato famine pathogen Phytophthora infestans. Nature 461,393-398. 

Hage-Ahmed, K., Moyses, A., Voglgruber, A., Hadacek, F., and Steinkellner, S., 2013. 
Alterations in root exudation of intercropped tomato mediated by the 
arbuscular mycorrhizal fungus Glomus mosseae and the soilborne pathogen 
Fusarium oxysporum f.sp. lycopersici. Journal of Phytopathology doi: 10.1111/ 
jph.12130. 

Harman, G.E., Petzoldt, R., Comis, A., Chen, J., 2004. Interactions between 
Trichoderma harzianum strain T22 and maize inbred line Mol 7 and effects of 
these interactions on diseases caused by Pythium ultimum and Colletotrichum 
graminicola. Phytopathology 94, 147-153. 


CM. Vos et al./Biological Control 74 (2014) 65-81 


79 


Harrier, L.A., Watson, C.A., 2004. The potential role of arbuscular mycorrhizal (AM) 
fungi in the bioprotection of plants against soil-borne pathogens in organic and/ 
or other sustainable farming systems. Pest Manag. Sci. 60, 149-157. 

Harrison, M.J., 2005. Signaling in the arbuscular mycorrhizal symbiosis. Annu. Rev. 
Microbiol. 59, 19-42. 

Hase, S., Takahashi, S., Takenaka, S., Nakaho, K., Arie, T., Seo, S., Ohashi, Y., Takahashi, 
H., 2008. Involvement of jasmonic acid signalling in bacterial wilt disease 
resistance induced by biocontrol agent Pythium oligandrum in tomato. Plant. 
Pathol. 57, 870-876. 

Hause, B., Schaarschmidt, S., 2009. The role of jasmonates in mutualistic symbioses 
between plants and soil-born microorganisms. Phytochemistry 70,1589-1599. 

Hermosa, R., Viterbo, A., Chet, I., Monte, E„ 2012. Plant-beneficial effects of 
Trichoderma and of its genes. Microbiology 158, 17-25. 

Herrera-Medina, M.J., Steinkellner, S., Vierheilig, H., Bote, J.A.O., Garrido, J.M.G., 

2007. Abscisic acid determines arbuscule development and functionality in the 
tomato arbuscular mycorrhiza. New Phytol. 175, 554-564. 

Herrera-Medina, M.J., Tamayo, M.I., Vierheilig, H., Ocampo, J.A., Garcia-Garrido, J.M., 

2008. The jasmonic acid signalling pathway restricts the development of the 
arbuscular mycorrhizal association in tomato. J. Plant Growth Regul. 27, 221- 
230. 

Hodge, A., 2000. Microbial ecology of the arbuscular mycorrhiza. FEMS Microbiol. 
Ecol. 32, 91-96. 

Howell, C.R., Hanson, L.E., Stipanovic, R.D., Puckhaber, L.S., 2000. Induction of 
terpenoid synthesis in cotton roots and control of Rhizoctonia solani by seed 
treatment with Trichoderma virens. Phytopathology 90, 248-252. 

Horner, N.R., Grenville-Briggs, L.J., Van West, P., 2012. The oomycete Pythium 
oligandrum expresses putative effectors during mycoparasitism of Phytophthora 
infestans and is amenable to transformation. Fungal Biol. 116, 24-41. 

Ito, S.I., Eto, T., Tanaka, S., Yamauchi, N., Takahara, H., Ikeda, T., 2004. Tomatine and 
lycotetraose, hydrolysis products of alpha-tomatine by Fusarium oxysporum 
tomatinase, suppress induced defense responses in tomato cells. FEBS Lett. 571, 
31-34. 

Jacobs, S., Zechmann, B., Molitor, A., Trujillo, M., Petutschnig, E., Likpa, V., Kogel, 
K.H., Schafer, P., 2011. Broad-spectrum suppression of innate immunity is 
required for colonization of Arabidopsis roots by the fungus Pirifonnospora 
indica. Plant Physiol. 156, 726-740. 

Javot, H., Pumplin, N., Harrison, M.J., 2007. Phosphate in the arbuscular mycorrhizal 
symbiosis: transport properties and regulatory roles. Plant, Cell Environ. 30, 
310-322. 

Jones, D.L., Hodge, A., Kuzyakov, Y., 2004. Plant and mycorrhizal regulation of 
rhizodeposition. New Phytol. 163, 459-480. 

Jones, J.D.G., Dangl, J.L., 2006. The plant immune system. Nature 444, 323-329. 

Jung, S.C., Martinez-Medina, A., Lopez-Raez, J.A., Pozo, M.J., 2012. Mycorrhiza- 
induced resistance and priming of plant defenses. J. Chem. Ecol. 38, 651-664. 

Kamper, J., Kahmann, R., Bolker, M., Ma, L.J., Brefort, T., Saville, B.J., Banuett, F., 
Kronstad, J.W., Gold, S.E., Muller, O., Perlin, M.H., Wosten, H.A.B., de Vries, R., 
Ruiz-Herrera, J., Reynaga-Pena, C.G., Snetselaar, K., McCann, M., Perez-Martin, J., 
Feldbrugge, M., Basse, C.W., Steinberg, G., Ibeas, J.I., Holloman, W., Guzman, P., 
Farman, M., Stajich, J.E., Sentandreu, R., Gonzalez-Prieto, J.M., Kennell, J.C., 
Molina, L., Schirawski, J., Mendoza-Mendoza, A., Greilinger, D., Munch, K., 
Rossel, N., Scherer, M., Vranes, M., Ladendorf, O., Vincon, V., Fuchs, U., Sandrock, 
B., Meng, S., Ho, E.C.H., Cahill, M.J., Boyce, K.J., Klose, J., Klosterman, S.J., Deelstra, 
H.J., Ortiz-Castellanos, L., Li, W.X., Sanchez-Alonso, P., Schreier, P.H., Hauser- 
Hahn, L, Vaupel, M., Koopmann, E., Friedrich, G., Voss, H., Schluter, T., Margolis, 
J., Platt, D., Swimmer, C., Gnirke, A., Chen, F., Vysotskaia, V., Mannhaupt, G., 
Guldener, U., Munsterkotter, M., Haase, D., Oesterheld, M., Mewes, H.W., 
Mauceli, E.W., DeCaprio, D., Wade, C.M., Butler, J., Young, S., Jaffe, D.B., Calvo, S., 
Nusbaum, C., Galagan, J., Birren, B.W., 2006. Insights from the genome of the 
biotrophic fungal plant pathogen Ustilago maydis. Nature 444, 97-101. 

Kapat, A., Zimand, G., Elad, Y., 1998. Effect of two isolates of Trichoderma harzianum 
on the activity of hydrolytic enzymes produced by Botrytis cinerea. Physiol. Mol. 
Plant Pathol. 52, 127-137. 

Kavroulakis, N., Ntougias, S., Zervakis, G.I., Ehaliotis, C., Haralampidis, K., 
Papadopoulou, K.K., 2007. Role of ethylene in the protection of tomato plants 
against soil-borne fungal pathogens conferred by an endophytic Fusarium solani 
strain. J. Exp. Bot. 58, 3853-3864. 

Kawahara, Y., Oono, Y., Kanamori, H., Matsumoto, T., Itoh, T., Minami, E., 2012. 
Simultaneous RNA-Seq analysis of a mixed transcriptome of rice and blast 
fungus interaction. PLoS ONE 7, e49423. 

Kishimoto, K., Kouzai, Y., Kaku, H., Shibuya, N., Minami, E., Nishizawa, Y., 2010. 
Perception of the chitin oligosaccharides contributes to disease resistance to 
blast fungus Magnaporthe oryzae in rice. Plant J. 64, 343-354. 

Kloppholz, S., Kuhn, H., Requena, N., 2011. A secreted fungal effector of Glomus 
intraradices promotes symbiotic biotrophy. Curr. Biol. 21, 1204-1209. 

Koltai, H., LekKala, S.P., Bhattacharya, C., Mayzlish-Gati, E., Resnick, N., Wininger, S., 
Dor, E., Yoneyama, K., Yoneyama, K., Hershenhorn, J., Joel, D.M., Kapulnik, Y., 
2010. A tomato strigolactone-impaired mutant displays aberrant shoot 
morphology and plant interactions. J. Exp. Bot. 61, 1739-1749. 

Kretschmer, M., Leroch, M., Mosbach, A., Walker, A.S., Fillinger, S., Mernke, D., 
Schoonbeek, H.J., Pradier, J.M., Leroux, P., De Waard, M.A., Hahn, M., 2009. 
Fungicide-driven evolution and molecular basis of multidrug resistance in field 
populations of the grey mould fungus Botrytis cinerea. PLoS Pathog. 5, el 000696. 

Kubicek, C.P., Herrera-Estrella, A., Seidl-Seiboth, V., Martinez, D.A., Druzhinina, I.S., 
Thon, M., Zeilinger, S., Casas-Flores, S., Horwitz, B.A., Mukherjee, P.K., 
Mukherjee, M., Kredics, L., Alcaraz, L.D., Aerts, A., Antal, Z., Atanasova, L., 
Cervantes-Badillo, M.G., Challacombe, J., Chertkov, O., McCluskey, K., Coulpier, 


F., Deshpande, N., von Dohren, H., Ebbole, D.J., Esquivel-Naranjo, E.U., Fekete, E., 
Flipphi, M., Glaser, F., Gomez-Rodriguez, E.Y., Gruber, S., Han, C., Henrissat, B., 
Hermosa, R., Hernandez-Onate, M., Karaffa, L., Kosti, I., Le Crom, S., Lindquist, E., 
Lucas, S., Lubeck, M., Lubeck, P.S., Margeot, A., Metz, B., Misra, M., Nevalainen, 
H., Omann, M., Packer, N., Perrone, G., Uresti-Rivera, E.E., Salamov, A., Schmoll, 
M., Seiboth, B., Shapiro, H., Sukno, S., Tamayo-Ramos, J.A., Tisch, D., Wiest, A., 
Wilkinson, H.H., Zhang, M., Coutinho, P.M., Kenerley, C.M., Monte, E., Baker, S.E., 
Grigoriev, I.V., 2011. Comparative genome sequence analysis underscores 
mycoparasitism as the ancestral life style of Trichoderma. Genome Biol. 12. 

Kubota, M., McGonigle, T.P., Hyakumachi, M., 2005. Co-occurrence of Arum- and 
Paris-type morphologies of arbuscular mycorrhizae in cucumber and tomato. 
Mycorrhiza 15, 73-77. 

Kyndt, T., Denil, S., Haegeman, A., Trooskens, G., Bauters, L., Van Criekinge, W., De 
Meyer, T., Gheysen, G., 2012. Transcriptional reprogramming by root knot and 
migratory nematode infection in rice. New Phytol. 196, 887-900. 

Lahrmann, U., Zuccaro, A., 2012. Opprimo ergo sum-evasion and suppression in the 
root endophytic fungus Pirifoimospora indica. Mol. Plant Microbe Interact. 25, 
727-737. 

Larkin, R.P., Fravel, D.R., 1999. Mechanisms of action and dose-response 
relationships governing biological control of Fusarium wilt oftomato by 
nonpathogenic Fusarium spp. Phytopathology 89, 1152-1161. 

Larkin, R.P., Fravel, D.R., 2002. Effects of varying environmental conditions on 
biological control of Fusarium wilt of tomato by nonpathogenic Fusarium spp. 
Phytopathology 92, 1160-1166. 

Larroque, M., Barriot, R., Bottin, A., Barre, A., Rouge, P., Dumas, B., Gaulin, E., 2012. 
The unique architecture and function of cellulose-interacting proteins in 
oomycetes revealed by genomic and structural analyses. BMC Genomics 13, 
605. 

Le Floch, G., Benhamou, N., Mamaca, E., Salerno, M.I., Tirilly, Y., Rey, P., 2005. 
Characterisation of the early events in atypical tomato root colonisation by a 
biocontrol agent, Pythium oligandrum. Plant Physiol. Biochem. 43, 1-11. 

Le Floch, G., Rey, P., Deniel, F., Benhamou, N., Picard, K., Tirilly, Y., 2003. 
Enhancement of development and induction of resistance in tomato plants by 
the antagonist, Pythium oligandrum. Agronomie 23, 455-460. 

Le Floch, G., Vallance, J., Benhamou, N., Rey, P., 2009. Combining the oomycete 
Pythium oligandrum with two other antagonistic fungi: root relationships and 
tomato grey mold biocontrol. Biol. Control 50, 288-298. 

Lerat, S., Lapointe, L., Piche, Y., Vierheilig, H., 2003. Variable carbon-sink strength of 
different Glomus mosseae strains colonizing barley roots. Can. J. Bot. 81, 886- 
889. 

Leroch, M., Kretschmer, M., Hahn, M., 2011. Fungicide resistance phenotypes of 
Botrytis cinerea isolates from commercial vineyards in south west Germany. J. 
Phytopathol. 159, 63-65. 

Leroux, P., 2007. Chemical control of Botrytis and its resistance to chemical fungicides. 
In: Elad, Y., Williamson, B., Tudzynski, P., Delen, N. (Eds.), Botrytis: Biology, 
Pathology and Control. Kluwer Academic Publishers, Dordrecht, pp. 195-217. 

Levesque, C.A., Brouwer, H., Cano, L., Hamilton, J.P., Holt, C., Huitema, E., Raffaele, S., 
Robideau, G.P., Thines, M., Win, J., Zerillo, M.M., Beakes, G.W., Boore, J.L., Busam, 
D., Dumas, B., Ferriera, S., Fuerstenberg, S.I., Gachon, C.M., Gaulin, E., Govers, F., 
Grenville-Briggs, L., Horner, N., Hostetler, J., Jiang, R.H., Johnson, J., Krajaejun, T„ 
Lin, H., Meijer, H.J., Moore, B., Morris, P., Phuntmart, V., Puiu, D., Shetty, J., 
Stajich, J.E., Tripathy, S., Wawra, S., van West, P., Whitty, B.R., Coutinho, P.M., 
Henrissat, B„ Martin, F., Thomas, P.D., Tyler, B.M., De Vries, R.P., Kamoun, S., 
Yandell, M., Tisserat, N., Buell, C.R., 2010. Genome sequence of the necrotrophic 
plant pathogen Pythium ultimum reveals original pathogenicity mechanisms 
and effector repertoire. Genome Biol. 11. http://dx.doi.org/10.1186/gb-2010- 
1111-1187-1-1173. 

L’Haridon, F., Aime, S., Duplessis, S., Alabouvette, C., Steinberg, C., Olivain, C., 2011. 
Isolation of differentially expressed genes during interactions between tomato 
cells and a protective or a non-protective strain of Fusarium oxysporum. Physiol. 
Mol. Plant Pathol. 76, 9-19. 

Lioussanne, L., Jolicoeur, M., St-Arnaud, M., 2008. Mycorrhizal colonization with 
Glomus intraradices and development stage of transformed tomato roots 
significantly modify the chemotactic response of zoospores of the pathogen 
Phytophthora nicotianae. Soil Biol. Biochem. 40, 2217-2224. 

Lioussanne, L., Jolicoeur, M., St-Arnaud, M., 2009. Role of the modification in root 
exudation induced by arbuscular mycorrhizal colonization on the intraradical 
growth of Phytophthora nicotianae in tomato. Mycorrhiza 19, 443-448. 

Liu, S.Y., Lo, C.T., Shibu, M.A., Leu, Y.L., Jen, B.Y., Peng, K.C., 2009. Study on the 
anthraquinones separated from the cultivation of Trichoderma harzianum strain 
Th-R16 and their biological activity. J. Agric. Food Chem. 57, 7288-7292. 

Logi, C., Sbrana, C„ Giovannetti, M., 1998. Cellular events involved in survival of 
individual arbuscular mycorrhizal symbionts growing in the absence of the 
host. Appl. Environ. Microbiol. 64, 3473-3479. 

Lopez-Raez, J.A., Verhage, A., Fernandez, I., Garcia, J.M., Azcon-Aguilar, C., Flors, V., 
Pozo, M.J., 2010. Hormonal and transcriptional profiles highlight common and 
differential host responses to arbuscular mycorrhizal fungi and the regulation 
of the oxylipin pathway. J. Exp. Bot. 61, 2589-2601. 

Ma, L.J., van der Does, H.C., Borkovich, K.A., Coleman, J.J., Daboussi, M.J., Di Pietro, A., 
Dufresne, M., Freitag, M., Grabherr, M., Henrissat, B., Houterman, P.M., Kang, S., 
Shim, W.B., Woloshuk, C., Xie, X.H., Xu, J.R., Antoniw, J., Baker, S.E., Bluhm, B.H., 
Breakspear, A., Brown, D.W., Butchko, R.A.E., Chapman, S., Coulson, R., Coutinho, 
P.M., Danchin, E.G.J., Diener, A., Gale, L.R., Gardiner, D.M., Goff, S., Hammond- 
Kosack, K.E., Hilburn, K., Hua-Van, A., Jonkers, W., Kazan, K., Kodira, C.D., 
Koehrsen, M., Kumar, L., Lee, Y.H., Li, L.D., Manners, J.M., Miranda-Saavedra, D., 
Mukherjee, M., Park, G., Park, J., Park, S.Y., Proctor, R.H., Regev, A., Ruiz-Roldan, 


80 


C.M. Vos et al. /Biological Control 74 (2014) 65-81 


M.C., Sain, D., Sakthikumar, S., Sykes, S., Schwartz, D.C., Turgeon, B.G., Wapinski, 

I. , Yoder, 0., Young, S., Zeng, Q.D., Zhou, S.G., Galagan, J., Cuomo, C.A., Kistler, 
H.C., Rep, M., 2010. Comparative genomics reveals mobile pathogenicity 
chromosomes in Fusarium. Nature 464, 367-373. 

Maillet, F., Poinsot, V., Andre, 0., Puech-Pages, V., Haouy, A., Gueunier, M., Cromer, 
L., Giraudet, D., Formey, D., Niebel, A., Martinez, E.A., Driguez, H., Becard, G., 
Denarie, J., 2011. Fungal lipochitooligosaccharide symbiotic signals in 
arbuscular mycorrhiza. Nature 469, 58-U1501. 

Malmierca, M.G., Cardoza, R.E., Alexander, N.J., McCormick, S.P., Hermosa, R., Monte, 

E. , Gutierrez, S., 2012. Involvement of Trichoderma trichothecenes in the 
biocontrol activity and induction of plant defense-related genes. Appl. 
Environ. Microbiol. 78, 4856-4868. 

Marschner, P., Baumann, K., 2003. Changes in bacterial community structure 
induced by mycorrhizal colonisation in split-root maize. Plant Soil 251, 279- 
289. 

Martin, F., Aerts, A., Ahren, D., Brun, A., Danchin, E.G.J., Duchaussoy, F., Gibon, J., 
Kohler, A., Lindquist, E., Pereda, V., Salamov, A., Shapiro, H.J., Wuyts, J., Blaudez, 
D., Buee, M., Brokstein, P., Canback, B., Cohen, D., Courty, P.E., Coutinho, P.M., 
Delaruelle, C., Detter, J.C., Deveau, A., DiFazio, S., Duplessis, S., Fraissinet-Tachet, 

L. , Lucic, E., Frey-Klett, P., Fourrey, C., Feussner, I., Gay, G., Grimwood, J., 
Hoegger, P.J., Jain, P., Kilaru, S., Labbe, J., Lin, Y.C., Legue, V., Le Tacon, F., 
Marmeisse, R., Melayah, D., Montanini, B., Muratet, M., Nehls, U., Niculita- 
Hirzel, H., Oudot-Le Secq, M.P., Peter, M., Quesneville, H., Rajashekar, B., Reich, 

M. , Rouhier, N., Schmutz, J., Yin, T., Chalot, M., Henrissat, B., Kues, U., Lucas, S., 
Van de Peer, Y., Podila, G.K., Polle, A., Pukkila, P.J., Richardson, P.M., Rouze, P., 
Sanders, I.R., Stajich, J.E., Tunlid, A., Tuskan, G., Grigoriev, I.V., 2008. The genome 
of laccaria bicolor provides insights into mycorrhizal symbiosis. Nature 452,88- 
U87. 

Martin, F., Kohler, A., Murat, C., Balestrini, R., Coutinho, P.M., Jaillon, 0., Montanini, 
B., Morin, E., Noel, B., Percudani, R., Porcel, B., Rubini, A., Amicucci, A., Amselem, 

J. , Anthouard, V., Arcioni, S., Artiguenave, F., Aury, J.M., Ballario, P., Bolchi, A., 
Brenna, A., Brun, A., Buee, M., Cantarel, B., Chevalier, G., Couloux, A., Da Silva, C., 
Denoeud, F., Duplessis, S., Ghignone, S., Hilselberger, B., Iotti, M., Marcais, B., 
Mello, A., Miranda, M., Pacioni, G., Quesneville, H., Riccioni, C., Ruotolo, R., 
Splivallo, R., Stocchi, V., Tisserant, E., Viscomi, A.R., Zambonelli, A., Zampieri, E., 
Henrissat, B., Lebrun, M.H., Paolocci, F., Bonfante, P., Ottonello, S., Wincker, P., 
2010. Perigord black truffle genome uncovers evolutionary origins and 
mechanisms of symbiosis. Nature 464, 1033-1038. 

Masunaka, A., Nakaho, K., Sakai, M., Takahashi, H., Takenaka, S., 2009. Visualization 
of Ralstonia solanacearum cells during biocontrol of bacterial wilt disease in 
tomato with Pythium oligandrum. J. Gen. Plant Pathol. 75, 281-287. 

Masunaka, A., Sekiguchi, H., Takahashi, H., Takenaka, S., 2010. Distribution and 
expression of elicitin-like protein genes of the biocontrol agent Pythium 
oligandrum. J. Phytopathol. 158, 417-426. 

Mathys, J., De Cremer, K., Timmermans, P., Van Kerckhove, S., Lievens, B., 
Vanhaecke, M., Cammue, B.P., De Coninck, B., 2012. Genome-wide 
characterization of ISR induced in Arabidopsis thaliana by Trichoderma 
hamatum T382 against Botrytis cinerea infection. Front. Plant Sci. 3, 108. 

McAllister, C.B., Garciaromera, I., Godeas, A., Ocampo, J.A., 1994. Interactions 
between Trichoderma koningii, Fusarium solani and Glomus mosseae-e ffects on 
plant growth, arbuscular mycorrhizas and the saprophyte inoculants. Soil Biol. 
Biochem. 26, 1363-1367. 

McArthur, D.A.J., Knowles, N.R., 1992. Resistance responses of potato to vesicular- 
arbuscular mycorrhizal fungi under varying abiotic phosphorus levels. Plant 
Physiol. 100, 341-351. 

Mersmann, S., Bourdais, G., Rietz, S., Robatzek, S., 2010. Ethylene signaling regulates 
accumulation of the FLS2 receptor and is required for the oxidative burst 
contributing to plant immunity. Plant Physiol. 154, 391-400. 

Miersch, O., Neumerkel, J., Dippe, M., Stenzel, I., Wasternack, C., 2008. Hydroxylated 
jasmonates are commonly occurring metabolites of jasmonic acid and 
contribute to a partial switch-off in jasmonate signaling. New Phytol. 177, 
114-127. 

Millet, Y.A., Danna, C.H., Clay, N.K., Songnuan, W., Simon, M.D., Werck-Reichhart, D., 
Ausubel, F.M., 2010. Innate immune responses activated in Arabidopsis roots by 
microbe-associated molecular patterns. Plant Cell 22, 973-990. 

Miya, A., Albert, P., Shinya, T., Desaki, Y., Ichimura, K., Shirasu, K., Narusaka, Y., 
Kawakami, N., Kaku, H., Shibuya, N., 2007. CERK1, a LysM receptor kinase, is 
essential for chitin elicitor signaling in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 
104, 19613-19618. 

Molitor, A., Zajic, D., Voll, L.M., Pons-Kuhnemann, J., Samans, B., Kogel, K.H., Waller, 

F. , 2011. Barley leaf transcriptome and metabolite analysis reveals new aspects 
of compatibility and Piriformospora indica-mediated systemic induced 
resistance to powdery mildew. Mol. Plant Microbe Interact. 24, 1427-1439. 

Monte, E., 2001. Understanding Trichoderma: between biotechnology and microbial 
ecology. Int. Microbiol. 4, 1-4. 

Moran-Diez, E., Hermosa, R., Ambrosino, P., Cardoza, R.E., Gutierrez, S., Lorito, M., 
Monte, E., 2009. The ThPGl endopolygalacturonase is required for the 
Trichoderma harzianum- plant beneficial interaction. Mol. Plant Microbe 
Interact. 22, 1021-1031. 

Mukherjee, M., Mukherjee, P.K., Horwitz, B.A., Zachow, C., Berg, G., Zeilinger, S., 
2012. Trichoderma- plant-pathogen interactions: advances in genetics of 
biological control. Ind. J. Microbiol. 52, 522-529. 

Mutawila, C., Fourie, P.H., Halleen, F., Mostert, L., 2011. Grapevine cultivar variation 
to pruning wound protection by Trichoderma species against trunk pathogens. 
Phytopathol. Mediterr. 50, S264-S276. 


Nahalkova, J., Fatehi, J., Olivain, C., Alabouvette, C., 2008. Tomato root colonization 
by fluorescent-tagged pathogenic and protective strains of Fusarium oxysporum 
in hydroponic culture differs from root colonization in soil. FEMS Microbiol. 
Lett. 286, 152-157. 

Nonomura, T., Nishitomi, A., Matsuda, Y., Soma, C., Xu, L., Kakutani, K., Takikawa, Y., 
Toyoda, H., 2010. Polymorphic change of appressoria by the tomato powdery 
mildew Oidium neolycopersici on host tomato leaves reflects multiple 
unsuccessful penetration attempts. Fungal Biol. 114, 917-928. 

Oldroyd, G.E.D., 2013. Speak friend, and enter: signaling systems that promote 
beneficial symbiotic associations in plants. Nat. Rev. Microbiol. 11, 252-263. 

Olivain, C., Humbert, C., Nahalkova, J., Fatehi, J., L’Haridon, F., Alabouvette, C., 2006. 
Colonization of tomato root by pathogenic and nonpathogenic Fusarium 
oxysporum strains inoculated together and separately into the soil. Appl. 
Environ. Microbiol. 72, 1523-1531. 

Olivain, C., Trouvelot, S., Binet, M.N., Cordier, C., Pugin, A., Alabouvette, C., 2003. 
Colonization of flax roots and early physiological responses of flax cells 
inoculated with pathogenic and nonpathogenic strains of Fusarium oxysporum. 
Appl. Environ. Microbiol. 69, 5453-5462. 

Panina, Y., Fravel, D.R., Baker, C.J., Shcherbakova, L.A., 2007. Biocontrol and plant 
pathogenic Fusarium oxysporum- induced changes in phenolic compounds in 
tomato leaves and roots. J. Phytopathol. 155, 475-481. 

Parniske, M., 2008. Arbuscular mycorrhiza: the mother of plant root 
endosymbioses. Nat. Rev. Microbiol. 6, 763-775. 

Paszkowski, U., Jakovleva, L., Boiler, T., 2006. Maize mutants affected at distinct 
stages of the arbuscular mycorrhizal symbiosis. Plant J. 47,165-173. 

Perazzolli, M., Moretto, M., Fontana, P„ Ferrarini, A., Velasco, R., Moser, C., 
Delledonne, M., Pertot, I., 2012. Downy mildew resistance induced by 
Trichoderma harzianum T39 in susceptible grapevines partially mimics 
transcriptional changes of resistant genotypes. BMC Genomics 13, 660. 

Peskan-Berghofer, T., Shahollari, B., Giong, P.H., Hehl, S., Markert, C., Blanke, V., Kost, G., 
Varma, A., Oelmuller, R., 2004. Association of Piriformospora indica with Arabidopsis 
thaliana roots represents a novel system to study beneficial plant-microbe 
interactions and involves early plant protein modifications in the endoplasmic 
reticulum and at the plasma membrane. Physiol. Plant. 122,465-477. 

Picard, K., Tirilly, Y., Benhamou, N., 2000. Cytological effects of cellulases in the 
parasitism of Phytophthora parasitica by Pythium oligandrum. Appl. Environ. 
Microbiol. 66, 4305-4314. 

Pieterse, C.M.J., Leon-Reyes, A., Van der Ent, S., Van Wees, S.C.M., 2009. Networking 
by small-molecule hormones in plant immunity. Nat. Chem. Biol. 5, 308-316. 

Pieterse, C.M.J., van Wees, S.C.M., Hoffland, E., van Pelt, J.A., van Loon, L.C., 1996. 
Systemic resistance in Arabidopsis induced by biocontrol bacteria is 
independent of salicylic acid accumulation and pathogenesis-related gene 
expression. Plant Cell 8, 1225-1237. 

Pieterse, C.M.J., van Wees, S.C.M., van Pelt, J.A., Knoester, M., Laan, R., Gerrits, H., 
Weisbeek, P.J., van Loon, L.C., 1998. A novel signaling pathway controling 
induced systemic resistance in Arabidopsis. Plant Cell 10, 1571-1580. 

Pinior, A., Wyss, U., Piche, Y., Vierheilig, H., 1999. Plants colonized by AM fungi 
regulate further root colonization by AM fungi through altered root exudation. 
Can. J. Bot. 77, 891-897. 

Pozo, M.J., Azcon-Aguilar, C., 2007. Unraveling mycorrhiza-induced resistance. Curr. 
Opin. Plant Biol. 10, 393-398. 

Pozo, M.J., Cordier, C., Dumas-Gaudot, E., Gianinazzi, S., Barea, J.M., Azcon-Aguilar, 
C., 2002. Localized versus systemic effect of arbuscular mycorrhizal fungi on 
defence responses to Phytophthora infection in tomato plants. J. Exp. Bot. 53, 
525-534. 

Pozo, M.J., Jung, S.C., Lopez-Raez, J.A., Azcon-Aguilar, C., 2010. Impact of arbuscular 
mycorrhizal symbiosis on plant response to biotic stress: the role of plant 
defence mechanisms. In: Koltai, H., Kapulnik, Y. (Eds.), Arbuscular Mycorrhizas: 
Physiology and Function. Springer, Dordrecht, pp. 193-207. 

Qiang, X., Weiss, M., Kogel, K.H., Schafer, P., 2012. Piriformospora indica-a 
mutualistic basidiomycete with an exceptionally large plant host range. Mol. 
Plant Pathol. 13, 508-518. 

Recorbet, G., Abdallah, C., Renaut, J., Wipf, D., Dumas-Gaudot, E., 2013. Protein 
actors sustaining arbuscular mycorrhizal symbiosis: underground artists break 
the silence. New Phytol. 199, 26-40. 

Recorbet, G., Bestel-Corre, G., Dumas-Gaudot, E., Gianinazzi, S., Alabouvette, C., 
1998. Differential accumulation of beta-1,3-glucanase and chitinase isoforms in 
tomato roots in response to colonization by either pathogenic or non¬ 
pathogenic strains of Fusarium oxysporum. Microbiol. Res. 153, 257-263. 

Reino, J.L., Guerrero, R.F., Hernandez-Galan, R., Collado, I.G., 2008. Secondary 
metabolites from species of the biocontrol agent Trichodenna. Phytochem. Rev. 
7, 89-123. 

Rey, P., Benhamou, N., Wulff, E., Tirilly, Y., 1998. Interactions between tomato 
(Lycopersicon esculentum ) root tissues and the mycoparasite Pythium 
oligandrum. Physiol. Mol. Plant Pathol. 53, 105-122. 

Ron, M., Avni, A., 2004. The receptor for the fungal elicitor ethylene-inducing 
xylanase is a member of a resistance-like gene family in tomato. Plant Cell 16, 
1604-1615. 

Rotblat, B., Enshell-Seijffers, D„ Gershoni, J.M., Schuster, S., Avni, A., 2002. 
Identification of an essential component of the elicitation active site of the 
EIX protein elicitor. Plant J. 32, 1049-1055. 

Salvioli, A., Bonfante, P., 2013. Systems biology and “omics” tools: a cooperation for 
next-generation mycorrhizal studies. Plant Sci. 203, 107-114. 

Sarma, M.V.R.K., Kumar, V., Saharan, K., Srivastava, R., Sharma, A.K., Prakash, A., 
Sahai, V., Bisaria, V.S., 2011. Application of inorganic carrier-based formulations 


C.M. Vos et al./Biological Control 74 (2014) 65-81 


81 


of fluorescent pseudomonads and Piriformospora indica on tomato plants and 
evaluation of their efficacy. J. Appl. Microbiol. Ill, 456-466. 

Schafer, P., Khatabi, B., Kogel, K.H., 2007. Root cell death and systemic effects of 
Piriformospora indica: a study on mutualism. FEMS Microbiol. Lett. 275, 1-7. 

Schafer, P., Pfiffi, S., Voll, L.M., Zajic, D., Chandler, P.M., Waller, F., Scholz, U., Pons- 
Kuhnemann, J., Sonnewald, S., Sonnewald, U., Kogel, K.H., 2009. Manipulation of 
plant innate immunity and gibberellin as factor of compatibility in the 
mutualistic association of barley roots with Piriformospora indica. Plant J. 59, 
461-474. 

Scheffknecht, S., Mammerler, R., Steinkellner, S., Vierheilig, H., 2006. Root exudates 
of mycorrhizal tomato plants exhibit a different effect on microconidia 
germination of Fusarium oxysporum f. sp lycopersici than root exudates from 
non-mycorrhizal tomato plants. Mycorrhiza 16, 365-370. 

Schirmbock, M., Lorito, M., Wang, Y.L., Hayes, C.K., Arisanatac, I., Scala, F., Harman, 
G.E., Kubicek, C.P., 1994. Parallel formation and synergism of hydrolytic 
enzymes and peptaibol antibiotics, molecular mechanisms involved in the 
antagonistic action of Trichoderma harzianum against Phytopathogenic fungi. 
Appl. Environ. Microbiol. 60, 4364-4370. 

Seifi, H.S., Curvers, K„ De Vleesschauwer, D., Delaere, I., Aziz, A., Hofte, M., 2013. 
Concurrent overactivation of the cytosolic glutamine synthetase and the GABA 
shunt in the ABA-deficient sitiens mutant of tomato leads to resistance against 
Botrytis cinerea. New Phytol. 199, 490-504. 

Sharma, M., Schmid, M., Rothballer, M., Hause, G., Zuccaro, A., Imani, J., Kampfer, P., 
Domann, E., Schafer, P., Hartmann, A., Kogel, K.H., 2008. Detection and 
identification of bacteria intimately associated with fungi of the order 
Sebacinales. Cell. Microbiol. 10, 2235-2246. 

Sherameti, I., Tripathi, S., Varma, A., Oelmiiller, R., 2008. The root colonizing 
endophyte Pirifomospora indica confers drought tolerance in Arabidopsis by 
stimulating the expression of drought stress-related genes in leaves. Mol. Plant 
Microbe Interact. 21, 799-807. 

Shoresh, M., Harman, G.E., Mastouri, F., 2010. Induced systemic resistance and plant 
responses to fungal biocontrol agents. Annu. Rev. Phytopathol. 48, 21-43. 

Smith, F.A., Smith, S.E., 2011. What is the significance of the arbuscular mycorrhizal 
colonisation of many economically important crop plants? Plant Soil 348, 63- 
79. 

Smith, S.E., Jakobsen, I., Gronlund, M., Smith, F.A., 2011. Roles of arbuscular 
mycorrhizas in plant phosphorus nutrition: interactions between pathways of 
phosphorus uptake in arbuscular mycorrhizal roots have important 
implications for understanding and manipulating plant phosphorus 
acquisition. Plant Physiol. 156, 1050-1057. 

Sood, S.G., 2003. Chemotactic response of plant-growth-promoting bacteria 
towards roots of vesicular-arbuscular mycorrhizal tomato plants. FEMS 
Microbiol. Ecol. 45, 219-227. 

Stein, E., Molitor, A., Kogel, K.H., Waller, F., 2008. Systemic resistance in Arabidopsis 
conferred by the mycorrhizal fungus Piriformospora indica requires jasmonic 
acid signaling and the cytoplasmic function of NPR1. Plant Cell Physiol. 49, 
1747-1751. 

Steinkellner, S., Lendzemo, V., Langer, I., Schweiger, P., Khaosaad, T., Toussaint, J.P., 
Vierheilig, H., 2007. Flavonoids and strigolactones in root exudates as signals in 
symbiotic and pathogenic plant-fungus interactions. Molecules 12,1290-1306. 

Takahashi, H., Ishihara, T., Hase, S., Chiba, A., Nakaho, K., Arie, T., Teraoka, T., Iwata, 
M., Tugane, T., Shibata, D., Takenaka, S., 2006. Beta-cyanoalanine synthase as a 
molecular marker for induced resistance by fungal glycoprotein elicitor and 
commercial plant activators. Phytopathology 96, 908-916. 

Takenaka, S., Nakamura, Y., Kono, T., Sekiguchi, H., Masunaka, A., Takahashi, H., 
2006. Novel elicitin-like proteins isolated from the cell wall of the biocontrol 
agent Pythium oligandrum induce defence-related genes in sugar beet. Mol. 
Plant Pathol. 7, 325-339. 

Takenaka, S., Nishio, Z., Nakamura, Y., 2003. Induction of defense reactions in sugar 
beet and wheat by treatment with cell wall protein fractions from the 
mycoparasite Pythium oligandrum. Phytopathology 93, 1228-1232. 

Takenaka, S., Tamagake, H., 2009. Foliar spray of a cell wall protein fraction from the 
biocontrol agent Pythium oligandrum induces defence-related genes and 
increases resistance against Cercospora leaf spot in sugar beet. J. Gen. Plant 
Pathol. 75, 340-348. 

Takenaka, S., Yamaguchi, K„ Masunaka, A., Hase, S., Inoue, T., Takahashi, H., 2011. 
Implications of oligomeric forms of POD-1 and POD-2 proteins isolated from 
cell walls of the biocontrol agent Pythium oligandrum in relation to their ability 
to induce defense reactions in tomato. J. Plant Physiol. 168,1972-1979. 

Tamietti, G., Ferraris, L., Matta, A., Gentile, I.A., 1993. Physiological-response of 
tomato plants grown in Fusarium suppressive soil. J. Phytopathol. 138, 66-76. 

Tanaka, A., Takemoto, D., Chujo, T., Scott, B., 2012. Fungal endophytes of grasses. 
Curr. Opin. Plant Biol. 15, 462-468. 

Tawaraya, K., Watanabe, S., Yoshida, E., Wagatsuma, T., 1996. Effect of onion ( Allium 
cepa ) root exudates on the hyphal growth of Gigaspora margarita. Mycorrhiza 6, 
57-59. 

Tejeda-Sartorius, M., de la Vega, O.M., Delano-Frier, J.P., 2008. Jasmonic acid 
influences mycorrhizal colonization in tomato plants by modifying the 
expression of genes involved in carbohydrate partitioning. Physiol. Plant. 133, 
339-353. 

The Tomato Genome Consortium, 2012. The tomato genome sequence provides 
insights into fleshy fruit evolution. Nature 485, 635-641. 

Tian, C.J., Kasiborski, B., Koul, R., Lammers, P.J., Bucking, H., Shachar-Hill, Y., 2010. 
Regulation of the nitrogen transfer pathway in the arbuscular mycorrhizal 
symbiosis: gene characterization and the coordination of expression with 
nitrogen flux. Plant Physiol. 153, 1175-1187. 


Trillas, M.I., Segarra, G., 2009. Interactions between nonpathogenic fungi and plants. 
Plant Innate Immun. 51, 321-359. 

Tucci, M., Ruocco, M., De Masi, L., De Palma, M., Lorito, M., 2011. The beneficial 
effect of Trichoderma spp. on tomato is modulated by the plant genotype. Mol. 
Plant Pathol. 12, 341-354. 

Vadassery, J., Ritter, C., Venus, Y., Camehl, I., Varma, A., Shahollari, B., Novak, O., 
Strnad, M., Ludwig-Muller, J., Oelmiiller, R., 2008. The role of auxins and 
cytokinins in the mutualistic interaction between Arabidopsis and 
Piriformospora indica. Mol. Plant Microbe Interact. 21, 1371-1383. 

Vadassery, J., Tripathi, S., Prasad, R., Varma, A., Oelmiiller, R., 2009. 
Monodehydroascorbate reductase 2 and dehydroascorbate reductase 5 are 
crucial for a mutualistic interaction between Piriformospora indica and 
Arabidopsis. J. Plant Physiol. 166, 1263-1274. 

Verma, S., Varma, A., Rexer, K.H., Hassel, A., Kost, G., Sarbhoy, A., Bisen, P., Butehorn, 
B., Franken, P., 1998. Piriformospora indica, gen. et sp. nov., a new root- 
colonizing fungus. Mycologia 90, 896-903. 

Vicedo, B., Flors, V., Leyva, M.D., Finiti, L, Kravchuk, Z., Real, M.D., Garcia-Agustin, P., 
Gonzalez-Bosch, C., 2009. Hexanoic acid-induced resistance against Botrytis 
cinerea in tomato plants. Mol. Plant Microbe Interact. 22, 1455-1465. 

Vierheilig, H., 2004. Further root colonization by arbuscular mycorrhizal fungi in 
already mycorrhizal plants is suppressed after a critical level of root 
colonization. J. Plant Physiol. 161, 339-341. 

Vierheilig, H., Lerat, S., Piche, Y., 2003. Systemic inhibition of arbuscular mycorrhiza 
development by root exudates of cucumber plants colonized by Glomus 
mosseae. Mycorrhiza 13,167-170. 

Vierheilig, H., Piche, Y., 2002. Signalling in arbuscular mycorrhiza: facts and 
hypotheses. Adv. Exp. Med. Biol. 505, 23-39. 

Vierheilig, H., Steinkellner, S., Khaosaad, T., Garcia-Garrido, J.M., 2008. The 
biocontrol effect of mycorrhization on soilborne fungal pathogens and the 
autoregulation of the AM symbiosis: one mechanism, two effects? In: Varma, A. 
(Ed.), Mycorrhiza. Springer, Berlin, Heidelberg, pp. 307-320. 

Vinale, F., Ghisalberti, E.L., Sivasithamparam, K„ Marra, R., Ritieni, A., Ferracane, R., 
Woo, S., Lorito, M., 2009. Factors affecting the production of Trichoderma 
harzianum secondary metabolites during the interaction with different plant 
pathogens. Lett. Appl. Microbiol. 48, 705-711. 

Vinale, F., Sivasithamparam, K., Ghisalberti, E.L., Marra, R., Barbetti, M.J., Li, H., Woo, 
S.L., Lorito, M., 2008. A novel role for Trichoderma secondary metabolites in the 
interactions with plants. Physiol. Mol. Plant Pathol. 72, 80-86. 

Vlot, A.C., Dempsey, D.A., Klessig, D.F., 2009. Salicylic acid, a multifaceted hormone 
to combat disease. Annu. Rev. Phytopathol. 47, 177-206. 

Vogel, J.T., Walter, M.H., Giavalisco, P., Lytovchenko, A., Kohlen, W., Charnikhova, T„ 
Simkin, A.J., Goulet, C., Strack, D., Bouwmeester, H.J., Fernie, A.R., Klee, H.J., 2010. 
S1CCD7 controls strigolactone biosynthesis, shoot branching and mycorrhiza- 
induced apocarotenoid formation in tomato. Plant J. 61, 300-311. 

Vos, C., Claerhout, S., Mkandawire, R., Panis, B., De Waele, D., Elsen, A., 2012a. 
Arbuscular mycorrhizal fungi reduce root-knot nematode penetration through 
altered root exudation of their host. Plant Soil 354, 335-345. 

Vos, C, Van Den Broucke, D., Lombi, F.M., De Waele, D., Elsen, A., 2012b. 
Mycorrhiza-induced resistance in banana acts on nematode host location 
and penetration. Soil Biol. Biochem. 47, 60-66. 

Waller, F., Mukherjee, K., Deshmukh, S.D., Achatz, B., Sharma, M., Schaefer, P., Kogel, 
K.H., 2008. Systemic and local modulation of plant responses by Piriformospora 
indica and related Sebacinales species. J. Plant Physiol. 165, 60-70. 

Wamberg, C., Christensen, S., Jakobsen, I., Muller, A.K., Sorensen, S.J., 2003. The 
mycorrhizal fungus ( Glomus intraradices ) affects microbial activity in the 
rhizosphere of pea plants ( Pisum sativum). Soil Biol. Biochem. 35, 1349-1357. 

Wasternack, C., 2007. Jasmonates: an update on biosynthesis, signal transduction 
and action in plant stress response, growth and development. Ann. Bot. 100, 
681-697. 

Williamson, B., Tudzynski, B., Tudzynski, P., van Kan, J.A., 2007. Botrytis cinerea: the 
cause of grey mould disease. Mol. Plant Pathol. 8, 561-580. 

Whipps, J.M., 2004. Prospects and limitations for mycorrhizas in biocontrol of root 
pathogens. Can. J. Bot. 82, 1198-1227. 

Woo, S., Lorito, M., 2007. Exploiting the interactions between fungal antagonists, 
pathogens and the plant for biocontro. In: Vurro, M., Gressel, J. (Eds.), Novel 
Biotechnologies for Biocontrol Agent Enhancement and Management. Springer, 
Netherlands, pp. 107-130. 

Yang, Y., De Coninck, B., Cammue, B.P.A., Vos, C., 2013. Induced systemic resistance 
(ISR) signaling pathways involved in the Trichoderma hamatum - Tomato - 
Botrytis cinerea tripartite system. IOBC Bull. 89, 263-266. 

Yedidia, I., Benhamou, N., Chet, I., 1999. Induction of defense responses in cucumber 
plants ( Cucumis sativus L.) by the biocontrol agent Trichoderma harzianum. Appl. 
Environ. Microbiol. 65, 1061-1070. 

Zamioudis, C., Pieterse, C.M.J., 2012. Modulation of host immunity by beneficial 
microbes. Mol. Plant Microbe Interact. 25, 139-150. 

Zimand, G., Elad, Y., Chet, I., 1996. Effect of Trichoderma harzianum on Botrytis 
cinerea pathogenicity. Phytopathology 86, 1255-1260. 

Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E.J., Jones, J.D.G., Felix, G., Boiler, T„ 
2004. Bacterial disease resistance in Arabidopsis through flagellin perception. 
Nature 428, 764-767. 

Zuccaro, A., Lahrmann, U., Guldener, U., Langen, G., Pfiffi, S., Biedenkopf, D., Wong, 
P., Samans, B., Grimm, C., Basiewicz, M., et al., 2011. Endophytic life strategies 
decoded by genome and transcriptome analyses of the mutualistic root 
symbiont Piriformospora indica. PLoS Pathog. 7, el 002290. 


